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The history of chromatography is described from Tswett's 
early experiments On adsorption chromatography in 1903, through 
the development of high-performance liquid chromatography in the 
late sixties and early seventies to the investigation of the various 
types of miniature column for the instrumental technique now taking 
place. A thorough treatment of the theory of chromatography is 
presented with special emphasis being placed on the kinetic aspects 
of the theory pertaining to performance optimization of the various 
LC column types. 
Details are given of the development of miniaturized 
chromatographic hardware from a point where only conventional 
equipment was available. Techniques for establishing the dispersion 
produced by both conventional hardware and the newly developed 
miniature hardware are presented. Comprehensive data has been 
obtained in both cases and this has been compared to what little 
data there is available in the literature. The dispersion data for 
the miniature hardware has been used to reveal the true performance 
of narrow-bore packed columns tested in this work by subtracting 
these figures from the observed data. 	 - 
Various column packing experiments for narrow-bore packed 
columns have been undertaken in an attempt to establish the reasons 
for the problems with the packing of smaller material in this type 
of column. 
A moving belt LC/PIS interface has been investigated as a 
detector for LC. The performance of the system with both narrow-
bore packed and conventional columns has been examined. 
Finally, full details of some experiments with open-tubular 
columns of near optimum bore are presented. 
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CHAPTER ONE 
The development of chromatography 
I L 
it is generally agreed that M.S. Tswett, an Italian born 
botanist, was the pioneer of the chromatographic technique. In 1903, 
while working in Russia, he published details of a primitive form 
of liquid-solid chromatography which he had used to isolate plant 
pigments 	Tswett found that separation could be achieved by 
simply washing a solution of the pigments through a bed of adsorbent 
such as powdered chalk with a suitable solvent. 
Tswett's discovery was largely ignored for nearly thirty years 
until 1931 when Kuhn, Winterstein and Lederer 2 published details of 
a liquid-solid chromatographic technique for the separation of 
carotenes in carrots and xanthophylls in egg yolk using alumina and 
calcium carbonate as adsorbents. The publication of this work 
stimulated other workers' interest in the subject and from this point, 
chromatography appears to have come into general use, the liquid-
solid chromatographic technique being widely used during the thirties 
for the separation of a variety of compounds. Reichstein , for 
example, applied it to the separation of natural products in 1938. 
Further improvement of the technique came in the late thirties 
when Izmailov and Shraiber working in Russia and Brown in the 
United States introduced the concept of thin-layer chromatography 
(TLC). Probably some of the most important work in the development 
of chromatography, however, was published by Martin and Synge 
6 
 in 
1941. 	In this work, for which they were awarded the Nobel prize, 
the technique of liquid-liquid partition chromatography using silica 
gel loaded with water as a stationary phase was introduced and for 
the first time the chromatographic process was given a theoretical 
basis in the form of what the authors termed "plate theory". 
Some indication of the grasp of the subject that these workers had 
at this stage can be gained from consideration of the following 
quote taken from their 1941 paper; "the smallest height equivalent 
to a theoretical plate should be obtained by using very small 
particles and a high pressure difference across the column". This 
statement is, of course, the key to the high performance chromato-
graphic separations enjoyed today. In the 1941 paper, it was 
also suggested that if the liquid mobile phase was replaced by 
a gas, then the transfer rate of the solute in the mobile phase would 
be increased which should improve the separation efficiency. 
Unfortunately, little attention appears to have been paid to these 
suggestions and it was to be more than twenty-five years to the 
introduction of high-performance liquid chromatography (HPLC) 
and ten years to the appearance of gas chromatography (GC). 
In the period between the publication of Martin and Synge's 
classic paper and the introduction of gas chromatography in 1952 
there were a number of. significant developments. Consden et al 
introduced paper chromatography in 1941 and great interest was 
aroused when Moore and Stein 
8  published details of an ion-exchange 
technique in 1948 for the analysis of amino acids. Later, in 1951, 
Kirchner, Miller and Keller published details of an improved 
TLC technique. It had been found that TLC had advantages over 
paper chromatography due to the larger forces involved between 
solute molecules and adsorbent relative to solute molecules and a 
liquid. As a consequence, TLC was widely developed and with 
Stahl 10,11 recognising the importance of condition standardization 
and suggesting improvements in plate production in the late fifties, 
the technique became very effective with a wide field of application. 
It should be noted that both paper and thin-layer chromatographic 
methods were very much faster and more efficient than the classical 
form of column chromatography which had changed little from the 
initial experiments of Tswett. 
Generally, development of liquid chromatography up to the fifties 
had been slow, indeed, this was going to continue to be the case 
for almost another twenty years, essentially because the technique 
was to be overshadowed by the rapid development of gas chromatography. 
Before 1950, work on gas chromatography had been confined to 
the technique of gas-solid adsorption which had been developing 
slowly. It wasn't until 1952, however, when James and Martin 12 
published details of the first gas-liquid chromatographic technique, 
which is widely applicable to the analysis of volatile samples, that 
the gas chromatographic method really became popular. The introduction 
of the technique of gas-liquid chromatography (GLC) was the direct 
result of putting into practice suggestions that had been made by 
Martin and Synge some ten years earlier. The instrument used by 
James and Martin was surprisingly straightforward, utilizing an 
automatic recording burette as a detector to record fatty-acid 
'-4 
vapours leaving the column. The 1952 paper had a tremendous effect 
and within a few years, GLC had established itself throughout the 
chemical industry, a rate of development which was unique in the 
history of analytical instrumentation. There were essentially two 
reasons for this. Firstly, the basic chromatograph was simple, 
easy and inexpensive to construct and secondly, methods of detection 
were also simple and straightforward. This is because the presence 
of a solute vapour in the carrier gas significantly changes the 
physical characteristics of the gas. Consequently, measurement of 
the thermal conductivity, density or calorific value of the column 
effluent all constitute effective methods of detection. 




 and Thomas 15  
and later by Lapidus and Amundsen
16 
 and Glueckhauf 
17
cleared the 
ground for Van Deemter 
18 
 in 1956 to propose his now well known 
equation relating solute band dispersion to the eluent velocity via 
three dispersion mechanisms. With this basic knowledge of the 
factors influencing column efficiency it was possible to optimize 
operating conditions to allow relatively efficient separations to 
be achieved in a fairly short time interval. Typically, at this 
stage, a 'state of the art' column would be constructed of glass or 
stainless steel tubing of approximately 4mm bore, lm and upwards 
in length and packed with 100-200pm diameter support material. 
In the late fifties much effort was expended in attempting to 
improve column efficiency. 	R.P.W. Scott had obtained very impressive 
results by using carefully sized support material and high average 
pressures in narrow-bore columns of 2 .2mm internal diameter. The 
idea of such micro columns had been pointed out by Martin 
19 
 as 
early as 1956. 
It was the studies of Golay 
20,  however, who realized the 
very important advantage of low resistance to gas flow, and 
consequently low pressure drop, offered by open tubes, that lead 
to the real breakthrough in performance in 1958. Golay 21 
proposed very narrow-bore wall coated open-tubular columns (WCGI' 
columns) in which the stationary phase is held on a thin layer of 
porous silica that is deposited on the inner wall of the capillary. 
Later, in 1960, Golay 
22 
 suggested the use of open-tubular columns 
in which the stationary phase was simply coated onto the inside 
I - 
wall of the capillary tube. With this column type, capillary tube 
bores in the region of 0.25-0.50mm are used and extremely long 
columns (15-250m) are possible allowing very high efficiencies to be 
obtained. It is these column types and especially the glass 
capillary columns demonstrated by Desty 
23 
 that are the present 
record-holders in column efficiency. 
It is important to note that the open-tubular column format 
requires very low-volume injector and detector equipment compared to 
the conventional packed column format if the full column performance 
potential is to be realized. Fortunately, the appearance of open-
tubular columns coincided with the development of a low dead volume 
flame ionization detector (FID) by Harley, Nel and Pretorius 24 
and by McWilliam and Dewar 25 
After further theoretical work by than 26 and Giddings 27,28 
in the late fifties and early sixties, gas chromatography was 
placed on a firm theoretical footing. From this date, most work on 
gas chromatography has been concerned with the association of the 
technique with ancillary techniques. 
With gas chromatography apparently developed to the full, many 
workers in the field turned their attention to the development of 
liquid chromatography (LC), as an instrumental technique, applying 
the theory and experimental expertise developed for gas chromatography 
to liquid chromatography. The results were to be spectacular. 
The problems associated with liquid chromatography were found to 
be far greater than those met with in gas chromatography. For example, 
with regard to solute detection, systems based on measurement of bulk 
properties of the column effluent were insensitive because the addition 
of a small quantity of solute to the eluent does not significantly 
modify its overall properties. The use of highly sensitive detection 
techniques such as UV photometry are less than satisfactory because 
of their high selectivity and the limitations they impose on the 
choice of eluent. 	In addition, there are problems obtaining solvents 
of suitable purity. 
It was clear that as a liquid mobile phase was replacing a 
gaseous one, particle sizes in LC would have to be much smaller than 
those used in GC. 	More precisely, as diffusion in liquids is some 
3000 to 30,000 times lower than in gases, the optimum particle size 
in GC had to be reduced by a factor of 50-200 times (square root of 
the diffusion ratio) if equilibration times and therefore analysis 
times were to be equivalent. Also, as liquids are typically 20-100 
times more viscous than gases, elution pressures would have to be 
increased by this factor in making the transition from GC to LC. 
Consequently, the optimum particle size for LC should be in the region 
of 1-4.zm and operating pressures should range from 300-3000psi. 
The early development of high-performance liquid chromatography 
took place in the late sixties. Essentially, three research groups, 
working more or less independently, were involved. At the time, the 
technology for preparing very small, totally porous silica particles 
was not available. Furthermore, even if such material had been available, 
nobody believed that it could be packed and the detector technology 
required to compliment such a small particle column had also still to 
be developed. 
In 1967, Horvath, Preiss and Lipsky 29 working at Yale University 
in the USA published a paper describing the rapid separation of nucleo-
tides on pellicular ion-exchangers using high column inlet pressures 
and sensitive UV detection. The pellicular support idea had arisen 
through contact with Istvan Halasz in Germany. In this case an ion-
exchange resin was coated onto impervious glass beads with diameters 
of50i.im. Such a configuration restricts solute diffusion to the 
coated layer; consequently, the poor mass transfer properties which 
would otherwise be associated with totally porous particles of the 
same size are avoided. The dry-packed, 1mm bore, 1-2m length 
stainless steel columns described were capable of producing 500-1500 
theoretical plates per metre. 
In the same year Huber and Huisman 30, working in Amsterdam 
on liquid-liquid chromatography with diatomatious earth as support 
material, also published results obtained by applying a head pressure 
to the column. The 2mm bore, 0.5 and lm length glass columns were 
dry packed with two batches of material. A batch containing a 
considerable range of particle sizes, <25-80im and a narrower cut 
batch of 63-80iim. 	Difficulties were experienced in packing the 
wider cut material. The column efficiences recorded were in the 
region of 300-1000 theoretical plates per metre, similar to those 
obtained by Horvath and Lipsky. 
I - , 
Probably the most significant contributions to the early 
development of HPLC came from J.J. Kirkland. In 1968 Kirkland 31 
published details of a high-performance ultra-violet photometric 
detector modified specifically for use with efficient liquid 
chromatography columns. The detector was equipped with a low 
volume (7.5l) flow cell to avoid extra-column effects and was 
capable of operating at a full scale sensitivity of 0.01 AU with low 
noise characteristics. The linearity of the detector was similar 
to the thermal conductivity detector used in GC. 
In 1969, having visited Huber's laboratory, Kirkland 
32 
 returned 
to the United States to use Du Pont colloidal silica technology to 
develop a high grade pellicular material, specifically for LC. 
This so-called controlled surface porosity support consisted of 
impervious glass beads coated with a thin layer of porous silica 
microparticles. The regular nature of the support allowed trans- 
column flow variations to be minimized and the controlled layer thickness 
of microparticles minimized mass transfer problems. Kirkland used 
glass and stainless steel columns of 2-3mm internal diameter and 
½m length packed with 40im diameter pellicular material to obtain an 
impressive separation of substituted urea herbicides in six minutes. 
With this new support, columns were developing =5000 theoretical 
plates per metre which represented roughly a one thousand fold 
increase in speed over that of conventional gravity fed columns. 
By 1972, the problems associated with the production and packing 
of small, totally porous silica particles known as microparticulate 
33 
silica had been overcome. 	Kirkland, 	who had developed the 
technology for making Zorba.x, a microparticulate silica patented by 
Du Pont, and Majors 	who fractionated TLC material to obtain 
particles in the region of 5m diameter, published impressive data 
obtained using slurry packing techniques in which the column performance 
measured in terms of speed and plate efficiency available was seen 
to have increased by an order of magnitude compared to the results 
obtained with larger particles some five years earlier. 
With the introduction of bonded phases pioneered by Halasz and 
Sebastian for CC and subsequently applied to LC, a wide range of 
chromatographic modes for the analysis of polar and ionic compounds 
have evolved during the seventies making the high-performance 
instrumental liquid chromatographic technique ideally suited to the 
analytical requirements of the fields of medicine and biochemistry. 
As a result, the number of papers published on the applications of 
HPLC has undergone explosive growth. 	In most of the applications 
the columns used are generally 100-250mm in length and 4-6mm 
internal diameter which have been slurry packed with 5 or 10Mm 
microparticulate silica to produce column efficiences in the 
range of 5000 to 20,000 theoretical plates and separation times of 
around 5-15 minutes. 	During this rapid growth of the applications of 
HPLC, it has become clear that very sensitive detectors are required, 
particularly for the analysis of body fluids. For this reason, the 
use of electrochemical detectors has received considerable attention. 
Kissinger et al 
36 
 and Lankelma and Poppe 	are examples of early 
workers in the field to publish results indicating the promise of 
the technique. 
As with gas chromatography, once the basic instrumental technique 
had established itself, workers began to look for ways of improving 
column efficiency. In 1964, Giddings 
38, 
 in reviewing the theoretical 
limit of separating ability in gas and liquid chromatography concluded 
that liquid chromatography, owing mainly to differences in diffusivities, 
should be capable of a 100-1000 fold advantage in the maximum number 
of plates attainable (a) 	In 1973 after the development of packed 
column HPLC, Golay 	in a short communication pointed out that there 
was still: "a dramatic discrepancy between LC column performance and 
the calculated theoretical performance". 	He calculated this 
discrepancy to be seven orders of magnitude and suggested that to 
follow the development of gas chromatography and develop open-tubular 
columns for liquid chromatography would be a far greater challenge 
than the one overcome seventeen years earlier with the development 
of open-tubular GC. Such columns would have to be extremely narrow 
bringing immense Labrication problems. In addition, because the 
band widths produced by such columns would be very small indeed, 
suitably small injection and detection devices would be very difficult 
to construct. 
(a) Note that this is academic since the limiting condition is being 
described when analysis time has become infinite. 
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In the late seventies both Bristow and Unger et al attempted to 
improve column efficiency by retaining the now conventional column 
format and reducing the packing material size. Bristow 
40 
 in 1977 
packed a lm length, 8mm bore column with 31.xm Spherisorb silica gel to 
generate 108,000 theoretical plates. Shorter 3iim columns soon 
became commercially available. Unfortunately, however, such columns 
require modification of conventional injectors and detectors to 
produce low volume systems if their true performance capabilities are 
to be fully realized. This subject is dealt with at length in this 
thesis. Unger et al 
41 in 1978 obtained results close to the 
theoretical optimum for conventional type columns packed with 1.8.im 
diameter particles. It is considered that the idea of reducing the 
particle size to produce increased column efficiency is of limited 
use, however, as in this region very high column head pressures are 
required to drive eluent through the packed bed and as a result, 
columns have to be short. In addition, frictional heating, producing 
cross-column temperature variations, becomes increasingly significant. 
This leads to peak distortion. To avoid these thermal effects, the 
column bore would need to be reduced at least in proportion to the 
reduction in particle size. This would lead to increased problems 
with already inadequate injection and detection systems. It would 
appear then, that however the problem of trying to increase the plate 
number is approached, the direction indicated is miniaturization. 
In the late seventies and more recently, a considerable amount of 
effort was concentrated on the development of non-conventional 
column types in the search for higher column efficiency. There have 
essentially been three approaches. These are:- 
Narrow-bore packed columns 
Packed capillary columns 
Open-tubular columns 
These small-bore column types all have lower column volumes 
than conventional packed columns particularly in the case of packed 
capillary and open- tubular columns where the column volume may be 
up to three orders of magnitude lower. This has meant that injector 
and detector equipment has had to be miniaturized to avoid extra-
column contributions to band dispersion. This redesign of 
chromatographic hardware has caused severe problems as Golay foresaw 
in 1973 but considerable progress has been made. 
Small-bore columns are characterised by low flow-rates 
(typically microlitres per minute). Apart from their potential to 
generate high column efficiencies, the low flow-rate characteristics 
of these columns make them attractive for a number of other reasons. 
Consider the advantages from a solvent economy standpoint for example. 
The use of miniature columns drastically cuts solvent bills, smaller 
volumes of environmentally hazardous solvents are used and one may 
contemblate the use of very expensive solvents. In addition to 
these advantages, the low flow-rates produced by miniature columns 
make them attractive for new detection possibilities such as direct 
linkage to a mass spectrometer. 
Taking each column type individually, the development and 
potential of each approach will now be discussed. 
Of the three column types listed above, narrow-bore packed 
columns have the most in common with conventional packed columns. 
Essentially, these columns are miniaturized conventional columns, 
the column bore being reduced from approximately 5mm to around 1mm. 
Intrinsically therefore, they are capable of no greater performance 
than conventional packed columns but there is the possible advantage, 
not currently realizable with conventional columns, of being able to 
pack very long column lengths, allowing large numbers of theoretical 
plates to be generated. The pioneers of this column type' and the 
associated miniaturized chromatographic hardware were Scott and 
co-workers 
42-44 
 in the United States and Ishii et al 
45
in Japan. 
Scott and Kucera 
42 
 in 1976 published details of a narrow-bore 
packed column capable of producing 250,000 theoretical plates. 
The column was constructed of ten, lm lengths of 1mm bore stainless 
steel tubing packed with 20im microparticulate silica gel at very 
high pressure. For this experiment, a conventional 8i.i1 volume flow 
cell used for UV photometry was modified to produce a 2.5M1 flow 
volume. This modification ensured that the solute bands from the 
column were not broadened by the detector. By 1979 Scott and 
Kucera 
44 had attempted to pack both 5 and 10mi packing material but 
had encountered difficulties. It appeared that this smaller material 
could not be packed to give the theoretical optimum performance 
obtainable in conventional packed columns. Pumps had been modified 
to supply very low eluent flow-rates and a ll flow cell for UV 
' - 'I 
photometry had been constructed along with a low volume ½4 injection 
valve. 
In the first paper of Ishii and co-workers 	which appeared in 
1977, narrow-bore packed columns constructed of 0.25-0.50mm bore 
PTFE tubing packed with 30i diameter reversed-phase packing 
material (5-30cm in length) were demonstrated. The performance of 
these columns was similar to that obtained with conventional packed 
columns. As with Scott's work, details of miniature equipment, 
including a micro tiVflow cell (approximate volume 0.1-0.34 - The 
cell was constructed from a fine bore quartz tube sleeved directly 
to the column), a microsampling technique and microfeeder pump 
were given. 
In later work, Scott and Kucera 
46 
 developed a rapid miniature 
LC system based on narrow-bore packed columns operated at relatively 
high flow-rates. By trading column efficiency for speed of analysis, 
a reasonable efficiency separation of a seven component mixture was 
demonstrated in thirty seconds. With this rapid system, the 
detector electronics had to be modified to improve the time constant. 
In 1980 Kucera 	succeeded in packing the l0i.m diameter material 
which had given problems earlier. Shorter, 25cm length, 1mm bore 
columns were used in these experiments. Kucera and Manius 
48 
 in 
1981 packed 8pm material into 50cm length, 1mm bore columns to give 
the optimum plate height for this particle size. In this paper, 
experiments were conducted to show that a linear increase in narrow- 
bore packed column efficiency could be obtained with increased column 
length while this was not possible with conventional packed columns. 
As narrow-bore packed columns have developed, workers have 
attempted to pack shorter, narrower columns. Fused silica has become 
a popular column material. Takeuchi and Ishii 49 , for example, 
packed 5pm material into a 0.25mm bore, 30cm length column to obtain 
a performance near to the theoretical optimum. In 1982 these workers 50 
went on to use several such columns linked together to obtain 
approximately 100,000 theoretical plates with a 140cm length column. 
Yang 51 in the United States has also obtained promising results with 
fused silica tubing, a lm length, 0.5mm bore column packed with 3pm 
reversed-phase silica generating 110,000 theoretical plates, a figure 
approaching the theoretical optimum. 
- 
Although it would appear that any difficulties with regard to 
construction of miniaturized hardware for narrow-bore packed columns have 
been overcome, packing columns of this type, especially with material 
which is smaller than 104rn diameter, still presents problems, the 
reasons for which are unknown. Narrow-bore packed columns and suitable 
miniaturized hardware are now commercially available. It is considered 
by some that once the column packing problems are solved this column 
type may well supersede the present conventional analytical column 
format which is now standard in most chromatography laboratories. 
The second non-conventional column type, packed capillary columns, 
are prepared using a capillary glass drawing machine. The packing 
material is placed into a length of capillary glass stock tubing 
(typically 8 x 2mm) and drawn down to produce a column of the desired 
length. Such columns generally have internal diameters in the range 
30-looinn and column bore to particle size ratios of around 2.5. 
Ratios of this order ensure that the particles of packing material 
are partially embedded in the column wall. The resulting column 
is stable but much more permeable than a conventional packed or 
narrow-bore packed column (b) 
Packed capillary columns were originally used in gas chromatography. 
The first paper demonstrating their use in liquid chromatography was 
52 published in 1978 by Tsuda and Novotny . These workers examined 
columns packed with 30i.un material with internal diameters between 50 
and 100.im. Because the volume of this type of column is very small, 
a split-flow sampling technique similar to that developed for 
introducing very small quantities of sample onto capillary GC columns 
was used while additional flow was added to the column outlet to 
avoid dead volume problems arising through the use of a large flow 
cell, again, a technique popular in capillary GC. Early results 
indicated that the optimum plate height produced by this column type 
was similar to that expected for packed and narrow-bore packed 
columns although packed capillary columns have a performance 
advantage due to their lower resistance to flow. A further paper on 
packed capillary columns was published by Novotny and co-workers 53 
(b) Note that larger ratios than 2.5 did not produce stable columns. 
, 	. __
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in 1979. 	The column specifications were similar to those used in 
their previous paper, however, extra-column hardware had been 
improved with the use of a miniature flow cell in place of the make-up 
flow arrangement. Both sample-splitter and microfeeder injection 
techniques were used for the introduction of small amounts of sample 
onto the columns. Impressive chromatograms obtained using various 
chromatographic modes (polar phase, reversed phase and ion-exchange) 
were presented. 
A later paper published by Tsuda et al 	in 1982 demonstrated 
the use of packed capillary columns with smaller bUm particles 
drawn inside glass capillaries of 30-40im internal diameter. 
Preparation of packed capillary columns is difficult and probably 
more importantly, the columns require very high quality injection 
and detection systems. 	In view of this, although at this stage there 
is only a very limited amount of data available, it is thought that 
this column type will not attract a great deal of interest especially 
as such columns offer only a limited performance advantage over 
conventional packed and narrow-bore packed columns. 
Finally, to the development of open-tubular columns for liquid 
chromatography. These are the true analogues of capillary gas 
chromatography columns. It is with this type of column that the 
considerable discrepancy between experimental and theoretical 
column efficiency commented on by Golay will be overcome. The 
technical problems associated with open-tubular columns are, 
however, immense. Knox and Gilbert 	, for example, in a 
theoretical paper concerning kinetic optimization of open-tubular 
columns, concluded that detection volumes would have to be reduced 
to around 0.001mm 3 (lnl) if the full potential of this column type 
is to be realized. 
The earliest attempts to use open-tubular columns for liquid 
chromatography were made by Horvath et al 
29 
 in 1967 and Nota et al 56 
in 1970. 	These workers used capillary tubes of similar dimensions to 
those used for capillary gas chromatography (i.e. 0.25-0.50mm internal 
diameter). The results obtained were poor essentially for the same 
reason that poor results were obtained when GC sized packing material 
was used in early instrumental LC columns, i.e. Diffusion in liquids 
is far lower than in gases and as a result, the particle size for 
packed columns or column bore for open-tubular columns must be 
reduced roughly by a factor of 100 (square root of the diffusion 
ratio) in making the transition from GC to LC. The optimum column 
bore for LC should therefore be in the 5.im region. 
The main bulk of the work on open-tubular columns has been 
performed in Japan by Ishii, Tsuda and co-workers 57-66 who have 
pioneered equipment miniaturization and techniques of column 
fabrication. Other notable names are Krejci, Tesarik and co-workers 
67-70 working in Czechoslovakia and Tijssen and co-workers 71,72 
working in the Netherlands. 
In their first paper 	on open-tubular columns which appeared in 
1978, the Japanese workers utilized the experience gained through 
miniaturizing equipment for narrow-bore packed columns to produce 
chromatograms of 5 aromatic hydrocarbons and 4 phthalic esters on a 
62.im bore open tube operated in the liquid-liquid partition mode using 
SE30 as stationary phase. Publications directly following this first 
paper retained the equipment configuration described and with similar 
column dimensions the various modes of liquid chromatography were 
explored. For example, a. chemically bonded octadecyltrichiorosilane 
bonded phase 58 , '-oxydiproprionitrile and ethylene glycol 
59 stationary phase using soda lime treated glass surface 	adsorptive 
stationary phase produced by etching with NaOH 60, adsorptive 
stationary phase produced by depositing alumina and silica on the 
column walls 
62 
 and a styrene-divinylbenzene co-polymer stationary 
phase 63 have all been examined. 
In 1980 Tsuda and Nakagawa 
64 
 moved closer to the theoretical 
optimum column bore when they published details of experiments with 
columns of 30-40im internal diameter. A sample-splitter injection 
system was used for the injection of small sample volumes while the 
flow cell was similar to the design used with previous columns 
where a fine quartz tube was sleeved to the column end. Although it 
was concluded that there was a significant contribution to peak 
dispersion from extra-column hardware, very impressive chromatograms 
are presented. 
By 1981 Tsuda et al 
66 
 had reduced the column bore to 201im. 
Again, as with the 30-40im bore columns described above, a sample-
splitter and sleeved quartz flow cell (volume 0.019111) were employed 
I- iJ 
and considerable extra-column dispersion was experienced but 
nevertheless the results presented are impressive. 
The Czech workers first produced details of their open-tubular 
column experiments in 1980. These dealt with the design of suitable 
hardware, a splitter injector and make-up flow arrangement 67 and 
column fabrication techniques 68 
	
In 1981 the preparation of 
columns with internal diameters below 15lim was demonstrated 69 
Unfortunately, however, the data is heavily influenced by large 
extra-column contributions from poor hardware. In a later paper 70 
published in 1982 details of an electrochemical detector with a 
claimed effective volume of lnl are given. Again, however, with a 
14im bore test capillary, large contributions from extra-column 
factors are observed. 
Tijssen et al 
72 
 in 1981 published impressive results with open-
tubular columns with internal diameters down to lOiim. Split injection 
and make-up flow to a low volume UV detector were used. Direct 
linkage of a column to a mass spectrometer has also been achieved. 
Clearly, despite the tremendous technical problems associated 
with column miniaturization, great progress has been made. The 
technology for producing open-tubular columns with bores in the 
optimum region of around 5-10iim is available. Extra-column hardware 
to complement such columns still has to be considerably improved 
however. Nevertheless, there can be no doubt that open-tubular 
columns, with their far superior intrinsic performance capabilities 
over packed columns will eventually become commercially available, 
allowing analysis of very complex mixtures or alternatively allowing 
separations requiring only moderate column efficiency to be performed 
much faster than with packed columns. 
In this thesis, a thorough treatment of the theory of 
chromatography is presented with special emphasis being placed on 
the kinetic aspects of the theory pertaining to performance 
optimization of the various LC column types. Details are given of 
the development of miniaturized chromatographic hardware from a point 
where only conventional equipment was available. Techniques for 
establishing the dispersion produced by both conventional hardware 
and the newly developed miniature hardware are presented. Comprehensive 
data has been obtained in both cases and this has been compared to what 
little data there is available in the literature. The dispersion data 
1-16 
for the miniature hardware has been used to reveal the true 
performance of narrow-bore packed columns tested in this work by 
subtracting these figures from the observed data. Various column 
packing experiments for narrow-bore packed columns have been 
undertaken in an attempt to establish the reasons for the problems 
encountered with the packing of smaller material in this type of 
column. In addition, a moving belt LC/MS interface has been 
investigated as a detector for LC. Finally, full details of some 
experiments with open-tubular columns of near optimum bore are 
presented. 
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Both thermodynamic and kinetic factors combine to govern the 
resolving power of a chromatographic system. The whole basis of 
the chromatographic separation process hinges on the differential 
partitioning of solutes between a stationary and a flowing zone, 
solute bands being separated in proportion to the distance migrated. 
This partitioning is controlled by thermodynamic or equilibrium 
considerations. Kinetic factors, however, act to degrade the 
separation by broadening the separated solute bands, band widths 
increasing as the square root of the distance migrated. Clearly, 
to obtain optimum resolution from a chromatographic system, 
partitioning conditions should be optimized while band broadening is 
minimized. This should allow the greatest baseline separation of 
solute bands possible. 
Fortunately, the thermodynamic and kinetic processes discussed 
above can be treated almost independently. In what follows, after 
a brief introduction to basic terminology, each area will be 
discussed separately. Then, with this basic grounding as it applies 
to conventional chromatographic systems, we will go on to discuss 
theoretical aspects concerning columns of reduced bore. 
2.2 Basic terminology 
The retention time or elutiontime, tR? is the time that elapses 
between injection and detection of a solute. During this time, a 
volume of eluent, VR  is passed into the column. This is known as 
the retention or elution volume. These quantities are shown in the 
chromatogram illustrated in Figure 2.1. 
V  and t   are related by the volumetric flow-rate, 
VR = f.tR 	 (1) 
t is the column dead time or retention time of an unretained 
m 	 (& 
solute, that is a solute that behaves like eluent 	. 	V m is the 
(a) Note that a differential peak usually marks the dead time or 
dead volume. With UV photometric detection this peak is the 
result of a refractive index change in the column effluent caused 











Figure 2.1 Parameters for defining retention 
and peak width 
volume of eluent in the column, this is sometimes referred to as the 
column dead volume. Again, these quantities are shown in the 
chromatogram illustrated in Figure 2.1 and as with t  and V  they 
are related by the volumetric flow-rate. 
V 	= f.t 
in v in 
 
The most popular way of indicating the degree of retention is to 
state the phase capacity ratio, M. This is defined by 
k' 









The linear flow velocity of eluent, u, is the rate of movement of 
eluent along the column. This is related to the column length and 
column dead time by 
U = L - 	 (4) 
t 
in 
and to the volumetric flow-rate by 
f 
V 
U = - 	 ( 5) 
a 
in 
where a is the mean cross-sectional area of eluent phase inside the 
in 
column. Note that this includes the eluent within the pores of 
the packing material. The cross-sectional area of the eluent can 
be obtained from the cross-sectional area of the column, a, and the 
column total porosity, 
a 	= a.c 	 (6) 
in tot 
tot with microparticulate silica is usually in the region of 75% 
i.e. 75% of the column cross-section is occupied by eluent. 
NZO 
The linear velocity of a solute band, Ubdl  is inversely proportional 








Now as k' = R 
	m 
	 (Equation (3)) 
t m 
it is immediately seen that 
t 	1 
= 	 (8) 
t 	(l+k') 
rearranging gives 
t R = t (l+k') 	 (8a) m 
similarly 
V R = V (1-1-k') 	 (8b) 
In 
A sharp solute band injected onto a chromatographic column quickly 
assumes a Gaussian profile. Both theory and practice agree that 
the width of a solute band increases as the square root of the 
distance migrated. This result may be stated as 
az = 	 (9) 
where a is the standard deviation of the peak in units of length, 
L is the column length and H is termed the height equivalent to a 
theoretical plate (HET?). 	The factor H is the band dispersion 
parameter originally introduced by Martin and Synge 
1 
 and is the 
term used by most chromatographers to gauge column performance. 
The smaller the plate height, the better the performance. The 
Z—/ 
plate height is expressed in units of length and can be thought of 
as the thickness of a traverse slice of column. As peaks are 
	
assumed to be Gaussian, the total peak width at base is taken to be 	- 
equal to four standard deviations (4c). 
Peak width, w = 4a z 




H = -.- 	 (10) 
16 L 
Converting to time units (using the linear velocity which relates 
distance and time) H may be expressed as 
w 	2 
H = - -s-- (11) 
16 t  
This allows the plate height to be calculated from the chart record 
by measuring the peak width, w, (time units) and the retention 
time (see Figure 2.1). The number of theoretical plates, N, 
to which a column is equivalent is given by 
(12) 
H 
The greater the number of plates a column can produce, the better 
the column performance. 
From Equations (10) and (12) it can be shown that 
L 2 
N = 16 - 	 w - peak width in distance units (13a) 
2 
N = 16 tR  w - peak width in time units 	(13b) 
wt 
2 
N = 16 - 	 w - peak width in volume units 	(13c) 
The resolution, R, of two compounds A and B is defined as the 
peak separation divided by the mean peak width. 
R 	
= tR(B) - tR(A) 	
(14) 
S 
½ (wt(B) +wt (A)) 




It can be shown that resolution may also be expressed as 
	
* 	 * 	 (16) 
2 a +1 	 l+k' 
(a) relative (b) degree of (c) column 
partition 	retention 	efficiency 
factor factor factor 
Thermodynamic 	 kinetic 
considerations considerations 
- 
Where c = - and k' = ½ (k2 + k) 
k' A 
The three factors in Equation (16) emphasise the three basic 
requirements for separation:- 
Solutes must have different partition ratios between the mobile 
and stationary phases (or zones - see later) c # 1. 
Solutes must be retained, k' 	0. 
C) The column must be equivalent to a minimum number of theoretical 
plates. 
It must be noted at this point that with a small number of components 
in a mixture, the separation may well be improved by adjustments in 
relative k' figures. Unfortunately, however, such adjustments are 
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generally of limited use, especially.if one, for example, has a 
complex mixture to analyse. Here, adjustment of solvent composition 
to improve the separation between a particular group of solutes 
would almost inevitably degrade the separation of some of the other 
constituents. In cases like this, the best way to improve the 
separation is to concentrate on kinetic factors i.e. make the solute 
bands sharper. 
2.3 Thermodynamic aspects of LC 
2.3.1 Solute retention 
As already indicated in the introduction to this chapter, the 
essential feature of any chromatographic separation is the differential 
partitioning of solute molecules between a flowing zone and a 
stationary zone within the column. It is most important that the 
differences between the terms zone and phase are understood. To 
help convey these differences a diagrammatic illustration of the 
structure of a packed column is given in Figure 2.2. From this it 
can be seen that the fluid outside the particles constitutes the 
mobile zone while the fixed zone is the material, which is usually 
partially fluid, within the particles. In some cases the zones 
can be distinct phases but more usually the zone boundary is quite 
different from the phase boundary which separates the mobile phase 
(eluent) from the stationary phase (adsorbent surface, liquid 
stationary phase etc.). 
During the chromatographic process, equilibration between zones 
is fast and consequently there is little difference between the zone 
distribution of solute and the equilibrium distribution. When in 
the mobile zone, solute molecules will move at the mean linear speed 
of the zone, u. 	In the stationary zone, however, the molecules do 
not move along the column at all. Consequently, it can be stated 
that the average rate of movement of a solute molecule, u.and , will 
be given by 
Ub d an 	
= fraction of time spent by solute (17) 
u 
0 	
molecule in the mobile zone 
= fraction of solute in the mobile (18) 
zone 
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Figure 2.2 Diagrammatic illustration of the 
structure of a packed 
chroma togra ph/c column 


















and q are the quantities of solute in the mobile and 











The ratio - 	is known as k", the zone capacity ratio. Although 
qmz 
correct for steric exclusion chromatography these equations have to 
be modified for general use. Relative band speed is generally 
referred to the linear velocity of the mobile phase, u, not the 
linear velocity of the mobile zone, u. Consequently we have 





S i+1—I 1 m 
where q and q are the quantities of solute in the mobile and 
stationary phase respectively. 	The ratio 	is known as the qm 
phase capacity ratio, k'. 	As solute distribution within the zones 
or phases is assumed to be close to an equilibrium situation it is 
possible to make the following statements 
qs 
 = c 
s  .V s , 	m 	in Tfl q 
= c .V 	 (21) 
where c and c are the equilibrium concentrations of the solute in 
the stationary and mobile phase respectively and V and V m are the 
respective volumes of the stationary and mobile phases. Thus 
CV 	 V 
k' 
=
s s = D.-- 	 (22) 
C 	V mm in 
where D is the equilibrium distribution coefficient for the solute 
between the two phases. Given that the retention volume of a solute 
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is inversely proportional.to the band velocity, we have, from 
Equations (20) and (22) 
V =V (l~k') =V+DV 
P. 	m 	 m 	S (23) 
For adsorption chromatography it is better to deal with the amount 
rather than the volume of stationary phase. Either the weight, W, 
* 
of adsorbent in the column or the surface area, A , of the 
adsorbent in the column should be used. Corresponding equations 
to Equation (22) for k' then read 
S 	 w = ____ - K 	 (24) 
cV - ads 
mm 	 m 
cA* 
and 	k' = 
s 	 A* = K - 	 (25) 
CV 
mm 	m 
where Kd is the adsorption coefficient (measured in say cm 3g 1 ) 
and c' is the concentration of the adsorbate in moles per unit 
weight. 	K is termed the superficial adsorption coefficient 
(measured in cm3m 2 ) and c." is the adsorbate concentration in moles 
per unit area of adsorbent surface. Equations corresponding to 
Equation (23) are then 
V 
R 
 =V m 
	ads 
+K W 	 (26) 
V
R 	
V +KA* 	 (27) m 	a 
Assuming the phase ratio to be independent of tem perature, the 
variation of k' with temperature then depends upon the heat of 
transfer of the solute from the mobile to the stationary phase 




dT 	- 	 RT2 
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In LC, AH 	 is much smaller than in GC and as a result, temperature 
has a much smaller influence on retention in LC than it does in GC. 
Most LC separations are therefore carried out at ambient temperature. 
Changes in retention and selectivity in LC are effected by altering 
the composition of the eluerit while in GC the column temperature 
and stationary phase composition are adjusted. 
2.3.2 The various modes of liquid chromatography 
As this thesis is essentially concerned with the kinetic aspects 
of chromatography it is thought that coverage of the rather involved 
theory of the equilibria pertaining to the different LC retention 
modes is unnecessary. Consequently, only a qualitative outline of 
each chromatographic technique and its retention mechanism will be 
given. 
In the early days of liquid chromatography the various chromato-
graphic modes such as thin-layer, paper and ion-exchange chromatography 
were considered to be unrelated. It was even suggested that steric 
exclusion chromatography was not a chromatographic technique at 
all. It is now known, however, that this is not the case. The 
different chromatographic modes only differ in the nature, composition 
and structure of the stationary zone and in the nature of the 
molecular forces that hold the solute molecules within the 
mobile and stationary zones. All the techniques have a common 
theoretical basis and can be carried out with the same basic 
equipment. 
2.3.2.1 Adsorption chromatography 
Silica gel or alumina are generally used as the adsorbents in 
this form of chromatography. Separation is achieved by taking 
advantage of the varying affinity each solute molecule type has 
with the active adsorption sites on the adsorbent. In this discussion 
only microparticulate silica will be considered as an adsorbent as 
this is now probably the most popular adsorbent type. This material 
also forms the basic support for all the chromatographic techniques 
to be described later. 
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Microparticulate silica consists of fused aggregates of more or 
less spherical particles of colloidal silica of 2-20nm diameter 
prepared by the acid gelation of sodium silic4te. The resulting 
material has an amorphous structure and is generally produced to 
contain pores with diameters not less than 3nm. Surface areas are 
usually in the region of 100-400m 29 1 . The surface area can be 
altered, however, by either altering the pH during material 
preparation or subjecting the resulting material to heat and high 
pressure water vapour treatment. 
Silanol groups form the active sites in adsorption chromatography. 
The internal surface density of these groups is of the order of four 
per nui2 . Unfortunately, however, due to the amorphous nature of 
the silica other groups are also present on the surface. For 
example, neighbouring silanol groups can interact resulting in 
hydrogen bonds. The occurence of hydrogen bonding depends upon pore 
diameter. In narrow-pore silicas many hydrogen bonded hydroxyls 
are found while in wide pore silicas usually only isolated silanol 
groups occur. 
Heat treatment of silica causes the formation of siloxane groups. 
Although these are not important as adsorption sites they are 
important in explaining the effect of heat treatment which results 
in deactivation. Consider the effect of loss of water in a wide 
pore silica between two adjacent hydroxyl groups. (See Figure 2.3). 
This reaction is reversible by heating with water. If, however, 
the reaction occurs between hydroxyl groups on different but adjacent 
surfaces such as the situation in narrow-pore silicas, no reverse 
reaction is possible and there is consequently a permanent loss of 
surface area. (See Figure 2.3). 
Freshly prepared silica gel which has not been subjected to 
temperatures greater than 1000C will have many of its surface silanol 
groups associated with molecules of water. The normal activation 
procedure for silica is heating at 150-200°C for approximately 4 
hours. This is sufficient to remove the water. Above a temperature 
of 2000C siloxane groups are produced from hydrogen bonded groups. 
At higher temperatures there is further loss of hydroxyl groups and 
a permanent loss of surface area. The degree of damage is, however, 
dependent upon the pore diameter. 
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Figure 2.3 Surface processes occuring on 
heat and hydrothermal treatment 
of silica gel :(q) processes occur/ag 
in wide pores; (b) processes 
occuring in narrow pores 
Wide pores >3n,n 
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As hydrogen bonded groups are strong adsorption sites for 
anything but monofunctional solutes they do not lead to good 
chromatography. In order to overcome the problem of having two 
adsorption sites of different strengths, adsorbents are usually 
deactivated by adding small amounts of water or other polar 
compounds. This effectively removes the hydrogen bonded sites 
from the sphere of activity leaving adsorption to occur on the 
relatively uniform surface of isolated hydroxyl groups. The control 
of adsorbent activity is very time consuming, and consequently, as 
other suitable chromatographic techniques become available, the 
popularity of adsorption chromatography is waning. 
Adsorption chromatography is generally used for the separation 
of solutes of low to moderate polarity. Molecules of increasing 
polarity are increasingly retained. Indeed, very polar compounds 
may be irreversibly adsorbed. Relatively low polarity solvents 
such as hexane, ieUiy1ekher or methylene chloride are generally used 
as mobile phases. 
2.3.2.2 Liquid-liquid partition chromatography 
With this chromatographic technique, separation is dependent 
upon the constituents of a mixture having different distribution 
coefficients between the immiscible liquid phases. The stationary 
phase is coated onto a support material, for example, the wide pore 
microparticulate silica gel already described, while the mobile 
phase, saturated with stationary phase, is flushed down the column. 
Two modes of liquid-liquid partition chromatography are 
available. These relate to the polarity of the stationary phase. 
For example, in straight-phase liquid-liquid partition chromatography, 
the stationary phase is polar while a non-polar mobile phase is 
employed. A typical straight-phase system would be triethylene 
glycol coated on silica as stationary phase and hexane saturated 
with triethylene glycol as mobile phase. This system would be 
useful for the separation of moderate polarity solutes such as 
phenols, steroids and aromatic alcohols for example. 
The other possibility is the so called reversed-phase system 
where a non-polar stationary phase is employed with a polar mobile 
phase. This type of system allows more polar compounds to be 
Z_// 
chromatographed. A typical phase system would be squalane coated 	7 
onto silica as stationary phase and a squalane saturated water/ 
alcohol mixture as mobile phase. This chromatographic mode is less 
than satisfactory due to the instability of the stationary phase 
i.e. Squalane has no great affinity for silica and consequently it 
is easily washed off the support. Fortunately, the introduction 
of bonded stationary phases has meant that there is no longer any 
need .f or reversed-phase liquid-liquid partitioning systems. 
There are essentially two problems with liquid-liquid chromato-
graphy. The main problem arises through having to saturate the mobile 
phase with the stationary phase liquid. This requirement means that 
the technique of gradient elution, where the mobile phase solvent 
strength is continually changed throughout an elution, is not 
permissible. Secondly, as the two phases used have essentially to 
be immiscible this means that the technique is not amenable to solute 
mixtures having a wide polarity range i.e. The sample solutes must 
all be soluble to some extent in both phases. 
2.3.2.3 Steric exclusion chromatography 
Steric exclusion chromatography allows a separation to be 
achieved on the basis of molecular size. This separation technique 
is unique among LC procedures as it relies entirely on the physical 
restriction of molecules moving through a packed bed rather than on 
interactive effects such as adsorption or partition into a stationary 
phase. 
A wide variety of totally porous inicroparticulate silica gels 
with various pore sizes is available for this type of chromatography. 
The separation mechanism is relatively straightforward. If one 
assumes that no adsorption of solutes can take place, then the larger 
a solute mplecule S.sl the less access to the internal structure of 
the silica is granted. Such a molecule will therefore elute before 
a smaller molecule which will have access to a greater part of the 
internal pore structure. 
The technique is capable of dealing with solutes covering a 
wide molecular weight range (<l02_  10
7 . It is a very useful way of 
establishing the molecular weight distribution of polymers for 
example and consequently has wide ranging application in the 
synthetic polymer and biopolymer fields. 
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2.3.2.4 Chemically bondedstationary phases 
The surface of a silica gel adsorbent may be chemically 
modified by bonding to it a variety of organic moieties. This process 
can, for example, be used to convert the originally polar hydrophilic 
silica surface to a non-polar hydrophobic one producing a so called 
reversed-phase surface. An ion-exchange capacity may also be 
introduced in a similar manner by, for example, bonding sulphonic 
acid orquaternary ammonium groups to the silica surface. 
By using this technique many of the problems associated with 
liquid-liquid partition chromatography can be overcome, i.e. Polar 
and ionic molecules can be chromatographed without having to saturate 
the mobile phase with stationary phase liquid and as a consequence, 
gradient elution techniques may be used. A large choice of eluents 
compared to those available for liquid-liquid partition 
chromatography is also available. 
One of the major problems with bonded stationary phases is that 
they can be easily damaged. For example, bonded phases will be 
cleaved off the support if strongly acidic or basic mobile phases or 
oxidizing agents are used. 
The following types of organic group may be bonded:- 
Hydrophobic groups e.g. octadecyl (C 18H37 ) and also shorter 
chains C 1 , C 2 and C8 . 
Polar groups such as aminopropyl, cyanopropyl, ether and glycol. 
Ion-exchange groups such as sulphonic acid, amino and quaternary 
ammonium. 
Preparation of derivatized silicas is not too difficult, but 
care has to be taken to ensure that the silica surface is well 
coated as underivatized silanol groups can cause unwanted inter- 
actions. Due to stereochemical considerations it is only possible at 
best to derivatize half of the available silanol groups on the 
silica surface even when a small group such as trimethyl silyl is used. 
The important thing is to ensure that the residual silanol groups 
are well shielded. 
Most commercially available bonded materials are produced by 
reacting the silanol groups on the silica surface with organo-
chiorosilanes or alkoxysilanes. For example, one possible technique 
z-7y 
is to heat the silica gel under reflux with octadecyltrichiorosilane 
in toluene under anhydrous conditions in the presence of a base. 
The reaction is illustrated diagrammatically in Figure 2.4. 	HC1 is 
eliminated between the organosilane and one or more of the surface 
silanol groups and is neutralized by reaction with the base (e.g. 
pyridine). After excess silane has been removed, the unreacted 
Si-Cl groups are hydrolysed to silanols. Any residual silanols 
can then be capped with trimethylsilyl groups. The resulting 
Si-O-Si bonare stable in the pH range 3-8. 
As already indicated in the section dealing with liquid-liquid 
partition chromatography, in a reversed-phase system a non-polar 
stationary phase is used with a polar mobile phase which is usually 
a water/alcohol mixture. Such an arrangement is very useful for 
chromatographing polar molecules. As would be expected, retention in 
this type of chromatography is the opposite to that expected in 
adsorption chromatography i.e. In a reversed-phase system polar 
compounds have a greater affinity with the eluent and therefore they 
elute early. The opposite is the case in the straight phase. As 
regards the retention mechanism for reversed-phase chromatography, it 
is considered that the hydrophobic surface extracts the more 
lipophylic component of the eluent producing an organic rich surface. 
It is at this surface that chromatographically useful partitioning 
takes place. The more polar solutes will have greater solubility in 
the eluent than the organic rich layer and will therefore elute 
early. Solute retention in reversed-phase chromatography has been 
correlated with the solute solubility in the eluent. 
2.3.2.5 Ion-exchange and ion-pair chromatography 
A major proportion of the compounds which the technique of 
liquid chromatography is called upon to separate are ionic. For many 
years the separation of this type of compound presented problems as 
the oldest chromatographic technique of adsorption chromatography was 
not well suited to their analysis. The reason for this was that 
ionic compounds tend to displace the deactivating molecules used in 
adsorption chromatography from the silica surface. This results in 
chromatography being performed on a non-homogeneous chromatographic 
surface which leads to both poor peak shape and resolution. 
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Figure 2.4 Reaction of silanol groups to 
give an alkyl silyl bonded phase 
usingan alkyl trichiorosilane 
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The fairly recent introduction of bonded phase materials has 
allowed the problems associated with the analysis of ionic substances 
to be solved. This is because with a well-manufactured bonded-phase 
material one is assured of a homogeneous chromatographic surface 
which cannot be deactivated. 
Chromatography of ionic substances may be performed in a number 
of ways. Common to all the techniques, however, is the requirement 
that the eluent be buffered to allow control of acid-base equilibria. 
If this is not performed, the ratio of ionized to unionized species 
would vary across a chromatographic band. As these species would 
invariably exhibit different degrees of retention, the resulting 
chromatographic peaks would be severely tailed. 
In classical ion-exchange resins an acidic or basic group (e.g. 
suiphonic acid or quaternary amine) is bonded to a styrene-divinyl-
benzene copolymer to give the material an ion-exchange capacity. 
The ion-exchange process for an anion exchange material may be 
represented as 
/\,/ N, NO; + X_ 	N+ ,X + NO 
where/\'N+NO represents the ion-exchange site, the'\IN+ group 
being fixed to the matrix while the associated counter ion NO  
is in the liquid phase. The counter ion NO3 can be displaced by 
a solute ion X to give the ion pair,'N,X. 	Retention can be 
controlled by altering the concentration of counter-ion and also 
changing the pH. This type of resin has a number of disadvantages 
when applied to HPLC:- The material is compressible under high 
pressure, it undergoes volume changes in different solvents and 
its mass transfer properties are poor. It is nevertheless widely 
used for the analysis of amino acids. 
Formal ion-exchange chromatography is now generally carried out 
using a bonded phase ion-exchanger. Suiphonic acid or quaternary 
ammonium groups can be bonded to microparticulate silica gel to form 
a cation or anion exchange capability. Again, solutes are retained 
by the formation of ion pairs with the bonded phase exchange surface. 
The degree of retention is governed by the degree of solute 
ionization. This, of course, is controlled by buffering the eluent 
%-zz 
to a particular pH. 
One possible technique for the separation of ionic substances 
involves the use of a bonded reversed-phase system and is termed 
hydrophobic chromatography. With this technique, if for example, 
one is interested in the separation of acidic species, the eluent is 
buffered to a low pH in order that acidic species are neutral. 
Separation hinges on the hydrophobic interaction of these species 
with the lipophillic stationary phase. In a similar manner, the 
retention of basic components can be increased by buffering at high 
pH. An ion-exchange technique of growing interest is ion-pair 
chromatography. Here, a reversed-phase system is used and a counter 
ion is added to a buffered mobile phase. The retention mechanism 
relies on the hydrophobic interaction of ion-pairs adsorbed on the 
lipophillic reversed-phase surface. 	 - 
Ion-exchange and ion-pair chromatography are most important 
techniques and have been applied to the analysis of amino acids, 
peptides, sugars and nucleic acids. 
2.4 Kinetic aspects of LC 
In this section, the factors governing the band widths of solutes 
injected onto a chromatographic column are considered. As we have 
already seen, it is most important that band widths are minimized 
to obtain the best resolution possible. This entails searching for a 
situation in which the greatest number of theoretical plates possible 
are obtained from a column. Optimization of column performance, 
however, must be achieved within the pressure limit of the apparatus 
and without sacrificing analysis time. What is desired then is the 
maximum plate count in the minimum time with the pressure available. 
An important equation with regard to column optimization is that 
giving the pressure drop, Lp, across a bed packed with spherical 
particles of diameter, d 
2 
fl Ø' IL 1 
=
(29) 
n [ pJ 
0' is a dimensionless constant termed the specific column resistance 
which for a packed column usually has values in the region 500 to 
1000. 	is the eluent viscosity, L the column length and t,the 
I-Li 
column dead time. The ratio LId is known as the reduced column 
p 
length, A. 	Equation (29) may be rewritten 
Ø ' n X2 = -  
t m 
(30) 
Clearly, on examination of this equation, one sees that for columns of 
the same reduced length, with the same eluent and elution time, t, 
the pressure drop is the same. A group of columns with the same A 
value is known as an isochronic set. The optimum column selected from 
such a group will be the one capable of producing the greatest number of 




If A is fixed, the column producing the highest N value is that with 
the lowest H/d ratio. This ratio, the number of particles to 
the plate, is called the reduced plate height and was first introduced 
by Giddings 2 
	
To recap then, the optimum column from an isochronic 
set is the one having the lowest reduced plate height under an 
agreed set of operating conditions. A more general way of relating 
the variables pressure drop, elution time and plate height can be 
obtained from Equations (29) and (31) 
As 	N 
h 
and 6p = 	A2 
substitution gives 
t 	
= 	 (32) 




(1+k 1 ) 	 ( 33) 
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These equations are the key to optimization of performance in 
EPLC. 	Again, as with the isochronic set, given a desired N and 
stated n and Ap, they show that the most rapid elution time is 
achieved when the reduced plate height is minimized (not the 
absolute plate height, H). 	Selecting a column from an isochronic 
set to work at the minimum reduced plate height will, however, require 
selection of the column from the set with the correct particle size. 
This area will be covered later. 	Equations (32) and (33) illustrate 
another very important point which many workers in the field of 
chromatography appear to be unaware of. Working at the minimum 
h and with &p constant, the elution time is seen to be proportional 
to the square of the number of plates required. 	Now, as resolution 
is proportional to N it can be seen that to double resolution by 
increasing the plate number but retaining the pressure drop 
constant, requires a 16 times longer elution time. This underlines 
the importance of working with the most efficient columns possible. 
2.4.1 	The theory of peak dispersion 
We have already seen that the width of a solute band expressed 
as the standard deviation, a, increases as the square root of the 






The reduced plate height, h, can be defined in a similar manner. 
C d 2 
	
a z p) /d 2 
h = 
	z/ p) ( 	 (34) 
L/d 	A 
p 
Essentially, three band dispersion processes operate during band 
migration. These cause molecules of solute to become separated 
from their neighbours and result in an increase in peak variance. 
Note that these processes are not to be confused with the separation 
of molecules of different solute due to differences in their degrees 
of retention. The three processes which were first outlined by 
z-z 
Van Deemter 
3 may be summarized as follows:- 
Dispersion due to axial molecular diffusion 
Dispersion due to the tortuous nature of the flow through 
a packed bed 
Dispersion due to slow equilibration between the mobile and 
stationary zones. 
These dispersive processes are considered to be independent and 
random and, by application of the law of addition of independent 
variances, the total plate height can be considered to be made up 
of contributions from each of the three processes 
h = h 	+h diff 	flow 	mass transfer 	(35) 
A diagrammatic illustration of each of the three mechanisms is 
presented in Figure 2.5. Each process will now be described 
individually. 
2.4.1.1 Dispersion resulting from axial molecular diffusion 
A static band of solute within a packed column will spread out 
slowly along the axis of the column according to the Einstein 
diffusion equation 
2 
= 2Dt 	 (36) 
z 
where D is the effective diffusion coefficient of the solute within 
the column bed regarded as a homogeneous unit and t the residence time. 
This is illustrated diagrammatically in Figure 2.5(a). 	When a 
solute band is moving the situation is unchanged. In this case 
the time for diffusion can be obtained from a combination of 
Equations (4) and (8). 
L (1+k') 
tR = 	 (37) 
U 
The use of this equation and Equations (34) and (36) allows the 
plate height contribution to be calculated 




Figure 2.5 Diagrammatic illustration of the 
majordispersion mechanisms in 
chroma tography 
The symbol 	indicates two molecules initially adjacent, the 
letter s represents their separation after operation of the 
dispersion process (a) dispersion by axial diffusion (static 
conditions shown) (b) dispersion by tortuous flow in mobile 






When in the mobile phase, molecules diffuse for a fraction 
l/(l+k') of the total time and within the stationary phase for a 
fraction k'/(l+k') of the total time. As a result, we may write 




where y and y' are tortuosity factors (normally 0.6) which allow 
for the restriction to diffusion by the impermeable skeleton of the 
particles. 	D and D are the diffusion coefficients of solute in m 	s 
the mobile and stationary phases respectively. Combining 
Equations (38) and (39) yields 
2yD m 	S 
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The factor (ud p m /D )in the 
Apart from a factor of 2, 
over a particle (u/d ) to 
(2D m 
 /d ). This term, c 
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ation is a dimensionless velocity. 
the ratio of the rate of flow 
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where u is the linear zone velocity. 
0 
as the B term 
hdiff = B/V 
	
(42) 
B values are normally in the region of 2 but clearly they will vary 
with k'. Probably a better approximation would be 
B = l+k' 
	
(43) 
2.4.1.2 Dispersion due to flow inhomogeneity in the mobile phase 
Figure 2.5(b) is a diagrammatic illustration of tortuous flow in 
a packed bed. The flow streamlines shown are of different lengths 
and the flow velocity varies randomly between streamlines. As a 
result, solute molecules injected simultaneously at the top of 
the column into different streamlines emerge at different times. 
This type of dispersion, in which it is assumed that the solute 
molecules remain fixed to the streamlines they started on, was 
termed 'eddy diffusion' by Van Deemter . The degree of dispersion 
produced by this process is determined only by the column geometry 
and gives a plate height contribution independent of velocity, 
h = A 
0 
The assumption that solute molecules remain fixed to the 
streamlines they started on is a rather poor one as it ignores 
diffusion of solute between streamlines. This fact was recognised 
by Giddings
2 	
The result of solute molecules sampling streamlines 
of random varying velocity rather than remaining fixed to a 
particular streamline, is that less dispersion than expected is 
observed i.e. the more times solute molecules can sample different 
streamlines on passage through the column, the less will be the 
dispersion arising from flow. This type of dispersion shows a 
weak positive dependence upon velocity and, since the effect 
arises from a combination of flow past particles and diffusion 
across channels with widths proportional to d, the dispersion on 
a particle scale is determined by the reduced velocity. 
Unfortunately, no theory accurately describes the dispersion 
mechanism, but experiment has shown it to be given to a 
reasonably good approximation by 
h flow = Avl'3 	 (44) 
where A is a constant which in practice reflects the quality of 
column packing. A well-packed column will have an A-value in the 
region of between 0.5 and 1 while poorly packed columns will have 
higher A-values say, for example, in the region of 2 to S. 
2.4.1.3 Dispersion due to slow mass transfer within the stationary 
phase 
We have already seen that when a solute molecule is retained 
by the column packing, the molecules spend a fraction k'/(l+k') 
of their time in the stationary phase i.e. within the particles 
themselves. When inside the particles, the molecules of solute 
can only move by diffusion as there is no flow through the pores. 
From the Einstein diffusion equation (Equation (36)) it can be seen 
that the average time spent inside the particles will be proportional 
to the particle size squared. On leaving a particle, a molecule 
will, of course, move at the average linear velocity of the eluent. 
Clearly then, this process whereby a solute molecule has to 
diffuse both into and out of a particle will tend to lead to band 
broadening. Consider any one particular solute molecule for 
example. During the time this molecule is inside a particle, the 
rest of the band is moving ahead as the molecules that make up the 
band are being carried with the eluent. On finally diffusing into 
the moving eluent, however, this particular molecule may well move 
ahead of the main band. This type of progress is known as a 
random walk and is illustrated diagrammatically in Figure 2.5(c). 
Theory shows that a group of molecules performing a random walk 
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become dispersed . 	The dispersion, c , is proportional to the 
square of the mean step length, and the number of steps. The mean 
step length is proportional to the linear velocity of the mobile 
phase and the time of residence of the molecules in the stationary 
phase, while the number of steps is inversely proportional to the 
flow velocity. 
Again, as with the other dispersive mechanisms discussed it is 
found that when measured on a particle scale, the dispersion depends 
on the balance between the rate of flow over a particle and the rate 
of diffusion over a particle, that is, upon the reduced velocity, v. 
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Giddings 2 has proposed the following equation for the plate height 





mass (1-4-k') 	D 
S 
q is a configurational factor which is dependent on particle shape 
and internal pore structure (for spheres q = 1/30) . Equation (45) 
may be summarized as 
h 	transfer = Cv 
	 (46) 
C usually has values in the range 0.05 to 0.2 and reflects the 
efficiency of mass transfer. C should in theory have a maximum 
value at about k'= 1 but in practice the expected decline in  at 
high k' is not always observed. 
2.4.2 The plate height equation 
Adding all three contributions to the plate height together we 
have 
h = B/v+ Av 1/3+ C' 	 (47) 
The dispersion caused by the B term is minimum at high velocities 
while A and C term contributions are minimum at low velocities. 
This can be seen from Figure 2.6 which is a theoretical plot of log h 
versus log v
(c)  in which a number of relationships of the form 
h = B/u + Avhul'3 + Cu have been represented. Considering, for the 
moment, the situation for a column of fairly reasonable performance 
with h = 2/v + lv '3 + 0.lu (black line - Figure 2.6). 	It can be 
seen that maximum efficiency, corresponding to lowest h, is achieved 
at an intermediate reduced velocity when the contribution from 
dispersion due to flow and poor mass transfer are about equal. The 
optimum h value is in the region of two particle diameters and is seen 
(c) Note that throughout this thesis, this type of plot of log h 
versus log v will be known as an h,v plot. 
2.0 
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to occur in the reduced velocity range of between 3 and 5. It 
should be stressed at this point that the type of plot shown in 
Figure 2.6 is very useful indeed. From the form of the plot, 
important facts about the column can be quickly deduced without -' 
actually establishing the A, B and C terms. Consider, for example, 
the three other possible h,v relationships also presented in 
Figure 2.6 along with the optimum situation which has already been 
discussed. In each case B was held at 2. The following 
combinations of A and C terms are represented:- 
 low A (0.5) and low C (0.05) black line 
 low A (0.5) and high C 	(0.3) blue line 
 high A (3) and low C (0.05) green line 
 high A (3) and high C (0.3) red line 
The following generalizations may be made about the form of an h,v 
relationship: - 
If the minimum h is below 3 and occurs in the range 3<<10 then 
the column is well packed (low A). If the minimum h is 5 or more 
the column is probably poorly packed (high A). 
If h is below 10 at v=100 then the packing material has good 
mass transfer characteristics (i.e. low C) and is also probably 
well packed (low A). 
If the h,v plot rises steeply above the minimum the material may 
have poor mass transfer characteristics (high C), although 
instrumental factors can cause the same effect. 
If the curve has a high flat minimum the column is poorly packed 
(high A). 
We have seen then that the combined shape and position of an h, 
relationship is most revealing as to the state and performance of a. 
column. It should be noted that it would not have been possible to 
draw such conclusions as those set out above from a plot of absolute 
plate height and linear velocity for example, as although its shape 
may be the same, the position would be dependent upon values of 
and D 
m . 
	Note also that another advantage of using reduced parameters 
is that columns containing different particle sizes can be compared 
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quickly and easily as they should in theory, and more or less do in 
practice, give the same h,v plot. This is, of course, not the case 
when absolute parameters are used. 
2.4.3 Optimum dimensions for conventional packed columns 
Now that the optimum reduced velocity region is known it is 
possible to return to - the question of which of a series of isochronic 
columns will give the maximum plate count. It has already been 
stated that the best column of the series is that producing the lowest 
reduced plate height. The task now is to select a value of 
which will allow the system to function at the optimum reduced velocity 
of around 5 i.e. when 	5 then h is at a minimum. We have 
V 	
ud 	Ld 	Ad 2 
ID = 
	
p - 	p 	 (48) 
	
opt = - - 
D tD 	t D 
m 	mm mm 
Substituting for t in Equation (30) gives 
pd 2 
p 	 (49) 
opt = 
0 'flAD 
which yields, on rearrangement 
rØflAD 	i½ 
d =1 	mootl 
L Ap] 
As X= Nhwe have 
I'flNhDv 	1½ 
d 	=1 	m 
opt 
l 	 (50) 
j 
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results in an optimum particle size of around 311na. The column 
length is 64mm and a plate number of 7000 should be obtainable. 
Substituting these values into Equation (30) gives t to be40s. 
If, however, X is fixed at 50,000, a d value of 5i.im is obtained, 
L = 250mm, N = 17,000 and t = 250s. These conditions are typical 
of those now used with present day conventional analytical columns. 
Equation (50) indicates that there is little point in using larger 
particle sizes than 51m if high plate counts combined with short 
analysis times are required. 
2.4.4 Comparing columns of different types 
On rearrangement of Equation (32) we have 
= h2Ø' =E 	 (51) 
N N  
The product of the dead time per plate, pressure drop per plate, the 
whole corrected for viscosity, is equal to the product of the reduced 
plate height squared and the column resistance parameter. Both 
sides of the equation are dimensionless. This measure of the 
difficulty in achieving N plates is the only true performance index 
for a chromatographic system. It was proposed by Bristow and Knox 
who termed it the Separation Impedance. It is denoted by the letter 
E and should be minimized for any column type. Clearly, the 
highest performance is obtained from the system which has the 
lowest combination of solute band dispersion (low h) and resistance 
to flow (low 0 1 ). 	 For a conventional analytical column, h can 
be as low as 2 and 0' can be as low as 500 giving a minimum value for 
E to be in the region of 2000. 
It should be noted that very often column performance is stated 
not in these terms but in terms of the number of plates generated 
per unit time. This is an unsatisfactory measure of performance 
since it can generally be increased by increasing pressure and can 
always be increased by reducing eluent viscosity or by using a 
shorter column to decrease N. 
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2.4.5 Theoretical aspects of zc with non-conventional column 
types 
As already indicated in Chapter One, there are essentially 
three types of non-conventional column. These are:- 
Narrow-bore packed columns 
Packed capillary columns 
Open-tubular columns 
In this section, each column type will be taken individually and 
any deviations from the theory already outlined for conventional 
packed columns will be discussed. 
2.4.5.1 Narrow-bore packed columns 
The theory relating to this column type is essentially the 
same as that described for conventional analytical columns. This 
is because a narrow-bore packed column is simply a miniaturized 
version of the conventional analytical column format with the 
column bore being reduced from =5mm to =lmm. Generally, however, 
narrow-bore packed columns are much longer than the conventional 
type, typical lengths being in the lm region. In view of this 
similarity one might expect the plate height equation described 
for conventional columns to apply equally well to narrow-bore 
packed columns with an optimum reduced plate height of approximately 
two particle diameters being obtained at reduced velocities of 
between 3 and S. This is indeed what is observed in experimentation 6 
although there appears to be problems with packing the smaller 5 and 
lOrn material. The expected value for the column resistance parameter 
is also unchanged in making the transition between the two column 
types i.e. 0' values of between 500 and 1000 are observed. It 
can therefore be concluded that narrow-bore packed columns have 
similar permeability to flow as conventional LC columns. Optimum 
values of the separation impedance, E, should therefore be in the 
region of 2000, similar to the values expected for conventional 
columns. Consequently, it may be concluded that the narrow-bore 
column type is capable of no greater intrinsic performance than the 
conventional analytical column type. 
NFAI 
There are certain advantages, however, to be gained from the 
use of narrow-bore packed columns. For example, it is possible, 
because a linear increase in plate efficiency with column length is 
more readily achieved with this column type, to generate very large 
plate numbers by joining columns end to end. This is difficult, 
if not impossible, with conventional analytical columns. With 
regard to this ability to generate large plate numbers, it should 
be remembered here that as narrow-bore columns produce similar 
separation impedance values to conventional columns, the price 
of generating large plate numbers will have to be paid in waiting 
time. This is clear from examination of Equation (33) where t  
is seen to be proportional to N 2 
tR 	
Ap 
Another advantage of narrow-bore packed columns results from 
the reduction in column bore. This causes the optimum eluent flow-
rate to be reduced along with solvent consumption and allows one 
to contemplate the use of expensive solvents or solvent mixtures. 
One of the main problems associated with column miniaturization 
is that the resulting solute band widths in volume terms from such 
miniaturized systems are very much smaller than those produced by 
conventional columns. As we have already seen in Chapter One, 
this requires that specially miniaturized injection and detection 
equipment be developed. The band width produced by a packed 
column is obtained from the equation 
a 	= 
From which it has already been shown that one can obtain the equation 
2 




V 	= V(l+k') 
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We have 
4V (i+k t ) 
w(4) 	
m 
= 	 (52) 
V, 1-4 
Note that V, the column dead volume, is given by 
Tr d 2 Lc c 	tot V m = 	 (53) 
4 
where d is the column diameter. 
c 
From this, the band width, W, is seen to be proportional to the 
column diameter squared. Reducing the column diameter then causes a 
drastic decrease in peak width. This is illustrated in Figure 2.7 
which is a comparison of the standard deviation in volume units for 
an unretairied peak, 	and flow-rates, f, for both conventional 
packed and narrow-bore packed columns operated under optimum conditions. 
Typical values for 	with a 1mm bore column and column lengths 
ranging from 32-30,000mm, cover the range 0.2 to 20mm3 . A 
general rule of thumb used to ensure that the column performance 
is not degraded by extra-column effects is to check that the detector 
o volume is no greater than half the value of a 10 	The minimum 
detector volume for UV photometry presently appears to be in the 
0. 3mm3 to 1mm3 region. It would appear then that the requirement 
set out above is only just short of being satisfied. In the 
discussion to follow concerning the other two column types, we will 
see that this requirement becomes increasingly difficult to satisfy. 
Indeed, because suitable very low volume detection cells for UV 
photometry are so difficult to construct, other types of detection 
are to be preferred with these column types. 
(d) Note that throughout this thesis, when referring to very small 
volumes, the units used have either been mm 3 , il or nl. 	1mm3 E 
lul 	1000nl. 
Figure 2.7. A comparison of a° and f values for conventional packed and narrow-bore packed columns 
operated under optimum conditions. 
Conventional packed column Narrow-bore packed column 
t d 
0 










V V V V 
3-1 3 3-1 3 
 mms mm mm mm
10,000 10 1.6 30 0.10 50 5 1.9 0.2 
30,000 90 2.7 170 0.5 30 15 1.1 0.6 
100,000 1,000 5 1,000 3 15 50 0.6 2 
300,000 9,000 9 	1 5,000 16 9 150 0.35 6 
1,000,000 100,000 16 30,000 100 5 500 0.2 20 
Notes 1 2 3 4 5 6 5 6 
-3 	-2 	
-9 21, ip = 200 bar = 107Nm2 	
mm 
Assumed values: r = 10 Nsm , D
, 0' = 500, h 	= 2, v 	= 5, E 	= 2000 = m 10 m S 
opt 	mm 
tot =0.75 
Notes: 1) From Equation(32); 2) From Equation(50); 3) L = Nhd; 
6) From Equation (52). 
1 d 1 2 I CI 	L 4) a = t/N½; 5) 	= •Ir[_;j ett(_); 
m 
2-39 
2.4.5.2 Packed capillary columns 
As we have already seen, this column type is produced on a 
glass-drawing machine where heavy walled tubing is packed with alumina 
or silica gel particles and drawn out to form the column. The 
column bores can range from 50-2001.im and it appears that best 
results are obtained when column to particle diameter ratios in 
the region of 2-3 are employed. Note here that this ratio is very 
much less than that used with narrow-bore packed columns (50-200) 
or conventional packed columns (500-2000). 
Unfortunately, very little experimental data on this type of 
column has been published. What data there is available, however, 
suggests that the h,v relationships produced by this column type 
agree with the plate height equation described for conventional 
columns 	(Equation (47)), the minimum reduced plate height of 
2-3 being obtained at reduced velocities of between 2 and 5. As 
is to be expected with only 2 to 3 particles across the column 
bore, this column type is much more permeable to flow than narrow-
bore packed and conventional columns are. 0' values of between 
100-300 are observed. This, of course, means that the expected 
figure for the minimum separation impedance, E, should be in the 
region of 600, a factor of three times better than the figure of 
2000 expected for the other two column types examined so far. 
Although packed capillary columns are capable of intrinsically 
higher performance than narrow-bore packed columns (See Figure 2.8 
which is a comparison of both column types operated under optimum 
conditions) this capability is difficult to realize in practice 
because of the very sna11 peak volumes produced by such columns. 
For example, with a 17m length column packed with 9.im diameter 
particles and a column to particle diameter ratio of 2.5 which 
develops 106 plates, the 0 ° figure is 5nl. 	It should be noted 
that it is possible to confine such small volumes with electro- 
chemical detection cells or sheathed flow devices . 	No 
results have been reported for such column/detector combinations 
however. Unfortunately, the factor of three advantage in the 
separation impedance mentioned above is quickly lost if one for 
example, increases the column length and bore to produce larger 
band widths which will allow the use of detectors with larger 
flow volumes. This increase in column volume results in columns 
Figure 2.8. A comparison of a narrow-bore packed column and a packed capillary column under optimum 
operating conditions. 
Narrow-bore packed column 	0' = 500, h min = 2, ' opt 
	mm 
= 5, E 	= 200, c tot = 0.75 
t d d 00 f 
0 
N M . ....E L t v 
3-1 3 
S pm .im mm s mm S. mm 
10,000 10 1.6 1.000 30 0.10 1.9 0.2 
30,000 90 2.7 1,000 170 0.5 1.1 0.6 
100,000 1,000 5 1,000 1,000 3 0.6 2 
300,000 9,000 9 1,000 5,000 16 0.35 6 
1,000,000 1 100,000 16 1,000 30,000 100 0.2 20 
Packed capillary column 	0' = 150, h 	= 2, V 	= 5, E 	= 600, d Id 	= 2.5, £ 	= 0.80 
mm opt 	mm c 	p tot 
10,000 3 0.9 2.5 17 0.03 1.7 x 10 5 x 10 
30,000 30 1.5 4 90 0.16 3 x 10 3 x 10 
-5 
100,000 300 2.7 7 550 1.0 5.5 x 10 
-5 
 5 x 10
300,000 3,000 4.7 22 3,000 5 9 x 10 5 x 10 
1,000,000 30,000 8.7 40 17,000 30 1.7 x 10 5 x 
Notes 1 2  3 4 5 6 
Assumed values: r = 10 3Nsm 2 , D = 10 9m2 s 1 , Ap = 200 bar = 10 7Nm 2 
Notes: As for Figure 2.7 
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having to be operated at higher linear and reduced velocity than 
optimum to produce a particular number of plates. The value of E, 
the separation impedance, will therefore be increased. This type 
of column operation under detector limited conditions will be 
discussed further at the end of the next section on open-tubular 
columns. 
2.4.5.3 Open-tubular columns 
The kinetic aspects of the theory pertaining to this type 
of column are considerably different from those described for 
the various types of packed column. This is, as one would expect, 
on consideration of the column format, the result of the support 
material being located on. the tube walls and the central section of 
the tube being free of any obstruction. Clearly, because diffusion 
in liquids is very slow, in order to minimize band broadening due 
to poor mass transfer, solute molecules must not be allowed to 
stray too far from the column walls. As a result, the column bore 
in open-tubular liquid chromatography has to be very narrow. 
The optimum tube bore in capillary gas chromatography is 0.25-1mm. 
Now, as diffusion in liquids is typically 10,000 times slower than 
in gases, the optimum tube bore in LC will be approximately one 
hundredth (e) of that in capillary GC, that is 2.5-114m. 
Knox and Gilbert 10 have published a more rigorous kinetic 
optimization procedure for open-tubular columns. The procedure 
follows a similar course to the technique presented earlier in 
this text for conventional packed columns. Many of the equations 
for example, remain unchanged, this is the case for Equations (32) 
and (33) which give the elution times of an unretained and retained 
peak respectively in terms of operational parameters. 
= N2h20'n 
N2h20' n 
tR = 	 (l+k') 
Ap 
(e) The factor of 100 arises because it is the square root of the 
diffusion ratio (/10,000). 
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Note, however, that because no packing material is used with open-
tubular columns, the reduced plate height is now, by convention, 
given as the number of column diameters, d, to the plate as 
opposed to the number of particles to the plate 
h = - 	 (54) 
d 
C 
and the reduced velocity is given by 
ud 
E. 	 (55) 
D 
m 
It may be noted that in the absence of packing v=v. 	In addition, 
because we have an open-tubular format, the flow resistance is 
very low. 0' for an open-tubular column is given exactly by 
Poiseulile' s equation 
0' 	 = 32 	 (56) open tube 




d 	= I 	m 
 j 
l 	 (57) c  
The plate height for a plain open tube with no retentive capacity 
is given by the Taylor equation This equation ignores axial 








Using reduced parameters this equation becomes 
h = -.- 	 (59) 
96 
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The Taylor equation can be rearranged.to give the peak width in 











With a retentive surface on the walls of an open tube the plate 
height is given by the Golay equation 12 	The equation was 
originally developed for capillary gas chromatography. It reads 
= a + 1+6k"+ll (k") 2 
	
2 	k" 	Idf 	m 
l ID 1 
________ ____ I l + I_I i—iv(61) 
v 96 (1+k") 	3 (1-4-k") 2 Id I 	ID I 
[ci L sj 
where d  is the thickness of stationary phase and D the diffusion 
coefficient of solute in stationary phase. The equation may be 
summarized 
h=-  +C 
m 
 v + C 
S v 	 (62) 
where B is the axial molecular diffusion term 
C m  is the mobile zone mass transfer term 
C is the stationary zone mass transfer term. 
In -GC it is generally found that the mobile zone mass transfer 
term is substantially larger than the stationary zone term. In LC 
this predominance would be expected to be even greater i.e. the 
ratio D/D should be closer to 1 in the case of LC. Consequently, 
to a first approximation, the stationary zone term in the Golay 




l+6k"+ll (k") 2 
96(1+k") 2 
V (63) 
(f) The value of D can be obtained by substitution in the Wilkie-
Chang equation detils of which are given in reference (5). 
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The optimum values of h and v can be found by differentiating this 
equation 
1 1 1+6k1t+11(k)2l ½ 
	
h 	 I 	 I 	 (64) 






1+6k"+ll (kU) 2 
	
(65) 
The product h min opt v 	is then seen to be 4 compared with a typical 
value for a packed column of 10. 
The minimum value of h lies between 0.3 and 1 (depending on 
the value of k") at values of v in the range 4-14. 	Note that this 
is very much lower than the optimum reduced plate height of two 
expected with packed columns. The minimum value of the separation 
impedance, taking hmin = 0.8 (k"=3) and 56=32 is therefore 20. 
This implies that open-tubular columns are intrinsically capable 
of performance 100 times better than that of conventional packed 
and narrow-bore packed columns and 30 times that of packed 
capillary columns. A comparison of all three column types operated 
under optimum conditions is given in Figure 2.9. From this table 
it can be seen for example, that if Ap, N and r are maintained the 
same, elution will be 100 times faster with the open tube compared to 
conventional packed and narrow-bore packed columns. Alternatively, 
if t, Ap and r are maintained constant, then ten times as many 
plates are obtainable on the open-tubular system. 
The optimum tube bore can be obtained by substituting values 
in Equation (57) 
d 	
= [ Ø . flNbDvl½ 
c 
[ AP 	] 
Using the same values of N, r, D and Ap as those used for the 
packed column optimization procedure 
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2.9. A comparison of narrow-bore packed, packed capillary and open-
tubular columns operated under optimum conditions. 
Narrow-bore packed column 	0' = 500, h 	= 2, v 	= 5, E 	= 2000 
min 	 min 
C 	=0.75 
tot 




M p c L t V V 
3-1 3 
S Jim 1.lm mm $ nuns mm 
10,000 10 1 	1.6 1,000 30 0.10 1.9 0.2 
30,000 90 2.7 1,000 170 0.5 1.1 0.6 
100,000 1,000 5 1,000 1,000 3 0.6 2 
300,000 9,000 9 1,000 5,000 16 0.35 6 
1,000,000 100,000 16 1,000 30,000 100 0.2 20 
Packed capillary column 	01=  150, h. 	= 2, V 	= 5, E 	= 600, 
mm opt 	min 
d /d 	= 2.5, c 	= 0.80 
C 	p tot 
10,000 3 0.9 2.5 17 0.03 1.7 x 10 5 x 10 
30,000 30 1.5 4 90 0.16 3 x 10 3 x 10 
100,000 300 2.7 7 550 1.0 5.5 x 10 5 x 10 
300,000 3,000 4.7 22 3,000 5 9 x 10 5 x lO 
1,000,000 30,000 8.7 40 17,000 30 1.7 x lo 5 x lO 
Open tubular column 	
1= 
32, h 	= 0.8, v = 5, E 	= 20 
min 	 opt 	min 
10,000 0.1  0.25 2 0.001 1.0 x lo-  6 lO 
30,000 0.9  0.45 10 0.005 1.6 x 106 108 
100,000 10  0.8 60 0.03 3 x 10  
300,000 90  1.5 350 0.15 5 x 10 10 
10 x 10_6 1,000,000 1,000  2.5 2,000 1,0 
3,000,000 9,000  4.5 10,000 5.0 16 x 106 
_6 10,000,000 1OO,000  8 60,000 30 30 x 10 
Notes 1 	1 2 (7) 3 4 5 6 
-3 	-2 -92-1 	 7 -2 
Assumed values: 	= 10 Nsm , Dm = 10 m S , p = 200 bar = 10 Nm 
Notes: As for Figure 2.7 except for Note 7 which refers to the open tube 
data only. d is given by Equation (57). 
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N 	= 7000 
n 	= 10 3Nsm 2 
-9 2 -1 
0 	= 10 ms m 7 2 
AP = 10 NM 
h 	= 0.8 
V 	=5 
The optimum tube diameter is calculated to be 0.31ixn with a column 
length of 1.7mm, which is clearly a totally unrealistic 
configuration. Note, however, that from examination of Equations 
(57) and (32) and Figure 2.9 it is seen that for higher plate 
numbers, keeping the other parameters unchanged, the column bore and 
elution time do increase. Indeed, the bore increases in proportion 
to N 
½ 	 2 and the time in proportion to N . So for open-tubular columns 
producing relatively high plate numbers the situation is eased. 
For example, with lO plates, the column bore rises to 8u1 and length 
to 63m. The standard deviation of an unretained solute a is 




= 	 (66) 
v 
to be ml. For a retained solute the equation reads 
rd 
c 
a 	= 	 (l+k') 	 (67) 
4 I 
To operate such a column requires tremendous advances in injector/ 
detector equipment design. As already indicated, however, the 
problems are not insurmountable and much progress has been made. 
Fortunately, because open-tubular columns have such a great 
intrinsic performance advantage over the various forms of packed 
column, it is possible to operate them away from their performance 
optimum to allow larger peak volumes and consequently larger 
detection volumes to be used without losing totally the performance 
advantage. Knox and Gilbert 
10 
 have examined the use of open-
tubular columns under such detector limited conditions. What 
follows is an outline of their approach. 
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It has already been mentioned that as a rough rule of thumb 
it is important that the detector volume should be less than 
if early eluting peaks are to be resolved. We may therefore 
write for open-tubular columns 




where a 	is the limiting value of a 
v V 0  




detector . a v 	= 
:. V; 7rdhK 	 (68) 
4 
where d is the characteristic dimension of the column. The factor 
K is unity for open-tubular columns and is given by Equation (69) 
for packed columns 
d 2 I 	1 
I i 
K = tat c II (69) 
I. 	j 
Because under detector limited conditions, columns will be 
operated away from the optimum value of h, the value of v used 
will certainly be high. A good approximation of a general plate 
height equation under these conditions is 
h = C  
0 
(70) 
where C is the ratio h/v given by the appropriate plate height 
equation (either Golay or Van Deemter). 	Note that for the Golay 
equation, if the Cs  term is assumed to be negligible then the 
minimum value of h is then a function of k" given to within 2% 
by the equation 
1 
h mm 	












V 	= 1.10 - 0.51 	 (72) I 
For open-tubular columns C may be taken as equal to C of Equation 
(71). (A value of 0.08 is typical for k" = 3). For packed columns 
C must be obtained by a sequence of successive approximations. 
Other important equations in the analysis are 
22, 
Equation (32) 	t 	
= N h 0 n 
AP 
The general form of Equation (50) or (57) 
Ø'flNhD\ ½ 
d = 	 (73) 
AP 




d = 	 m (74) 
C0 p 
Equations for h, t, d and L can now be obtained in terms of the 
group of operational variables tip, N, 0', r, D, v and C. 	Firstly, 
d is eliminated between Equations (68) and (74) to give 
r 	*2 
I 16(a ) tp3C 1 1/8 0 	 1 	 (75) h  =[2233 	
I 
m 	J kfN 
Eliminating h between Equations (32) and (75) gives 
*2 	3'l/4 I 16Ø'n( 	) C I 
t 	=1
2 	
01 	N 	 (76) 
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The following equations may then be derived from the above 
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A surprising result of the derivation is that with C 0 constant, 
the characterstic dimension, d, is independent of the plate count, 
N, and depends only on the value of a 	 Note that in contrast 
to Equation (32), Equation (76) indicates that t   is proportional 
to N, not N2 and pressure drop is much less potent in decreasing 
t (i.e. a 100 fold increase in Ap only reduces t by 3 times 
t m , however, is considerably increased by a decrease in D and by 
* 	 m 
an increase in a . To obtain the minimum analysis time then, 
v * 
we must always try to work with the minimum possible a  
Figure 2.10 is a comparison of analysis times for open tubular, 
packed capillary and conventional packed columns operated at two 
* 	 3 	 313 a values, 0.1mm and 0.001= 	. 	The table indicates that 
V 	 * 
with the larger, presently more acceptable a value, considering 
the state of the art, there is little difference between the 
packed capillary column and the conventional column in terms of 
performance even when 1,000,000 plates are generated. The open- 
tubular columns, having the greater intrinsic performance capability 
do outperform both the conventional and packed capillary column 
formats but surprisingly do not outperform the packed capillary to 
the extent that they do under optimum conditions. 	This is 
because of the greater area of the packed capillary relative to the 
characteristic dimension. 
Figure 2.10. Detector limited operation of open-tubular, packed capillary, narrow-bore packed and 
conventional packed columns. 
Assumed values: n 10 3Nsm 2 , D = 10 9m2s 1 Ap = 200 bar = 2 x 10 7Nm 2 
0 values: conventional packed coluxnn,500; packed capillary, 150; open tube, 32. 
C values: packed capillary, h/v calculated by successive approximation using Equation (47); 
Open-tubular column, 0.08. 
Column type Open tube Packed Capillary Conventional packed or narrow- 
bore packed 
Detector & column 
* 
a 	 3 = 0.1mm 
v 
	
* 	 3 a = 	0.1mm 
* 
a 	no restriction 
dimensions a = 27jim c 
v 
d = 2lpm, 	d =53pm p 	c 
v 
h 	2, V 	= 5 
min 	opt  
N t - 	
E 
t t 	a 
s m E 5 	m 
- - 	 E S 	pm m 
10,000 600 17 130,000 540 6 120,000 10 1.6 1 	0.03 2,000 30,000 - 1,800 30--f-  44,000 1,700 10 38,000 90 2.7 1 	 0.17 2,000 100,000 6,000 55 13,000 6,500 20 13,000 1,000 5 1.0 2,000 300,000 18,000 90 4,000 22,000 33 4,500 9,000 9 5 2,000 
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* 	 3 
At the very much more ambitious o figure of 0.001mm , both 
packed capillary and open—tubular systems outperform the 
conventional packed column from the 100,000 plate level upwards. 
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3.1 General Introduction 
In this chapter, a description of the various items of 
chromatographic hardware required to perform conventional ELC is 
preented 
(a) 
 along with some notes on the packing of conventional 
-analytical columns. 
Before actually describing each piece of hardware, some 
general points concerning hardware requirements will be discussed. 
The essential features of any instrumental liquid chromatograph 
are set out in Figure 3.1. 	Briefly, solvent from a reservoir is 
pumped at the desired flow-rate via a filter system through the 
column which contains the packing material. Under the correct 
conditions, a sample mixture introduced onto the top of the column 
by means of an injection system is separated into its constituent 
bands. These bands then leave the column and pass through a 
suitable detector where some property of the eluent is continuously 
monitored with time. The detector response is displayed on a chart 
recorder to produce a chromatogram. 
Modern analytical HPLC columns are generally 100-250mm in length 
and 4-8mm bore. These columns, as already indicated earlier, 
provide the highest efficiency separations when packed with 5 or 
10.un particles. Unfortunately, it is as a result of the use of 
such small particles that the complexity and consequently the 
expense of the associated chromatographic hardware for HPLC is high. 
This is essentially because of two factors. Firstly, very high 
pressures (typically 2000-5000 psi) are required to enable suitable 
eluent flow-rates (1-3cm 3 niin 1 ) to be achieved through small 
particle packed beds. As a result, specially designed pumps 
capable of delivering solvent at such pressures are needed. A 
suitable injection system capable of functioning at high pressures 
is also necessary along with all the associated high pressure 
fittings to allow the units to be connected together. Secondly, 
(a) Note that the equipment to be described is that which has been 
used or modified for use in the experimental work described in this 
thesis. 
Figure 3.1 Schematic diagram of a conventional 
high-performance_liquid_chromatograph 
FAIR 
the separated solute bands from small columns packed with very 
small material are very narrow, requiring the minimum of extra-
column connection volume to link the injector and detector to the 
column if the separated bands are to remain sharp. A low volume 
detection cell and injector system are also necessary for this 
reason. Unwashed volumes, which can produce misshapen peaks, have 
also to be eliminated. 
o 
An additional factor contributing to the expense of the 
system is the requirement that the hardware should be compatible 
with the wide variety of solvents that are encountered in EPLC. 
These can range from aqueous acids and alkalis to chlorinated 
hydrocarbons. Consequently, most of the hardware in contact with 
solvent has to be constructed of 316 stainless steel or the inert 
polymer PTFE. 
Although commercially available liquid chromatographs are 
increasingly of the single unit type with the pump, injector, 
column, detector and recorder built into one housing, the whole 
system being micro-processor controlled, all of the equipment used 
for experimentation in this work was of the modular type. This form 
of system is clearly the more flexible and is the obvious choice 
for instrument and column development work. 
3.2 Pumps 
Ideally, any pumping system for conventional HPLC should have 
the following qualities:- 
It should be capable of delivering a smooth output flow in the 
range O.l-lOcm3min- 
l  across resistances of up to approximately 
5000 psi. 
It should be constructed of materials that are resistant to 
as wide a range of eluents as possible. 
The device should be reliable and easy to service. 
Essentially, five types of pump are commonly employed in HPLC. 
These are:- 
a) Coil pumps. 
Probably the simplest pump design. A direct gas pressure (N2) 
from a commercial cylinder forces eluent from a storage coil to 
produce an output flow. 
b) Pneumatic or hydraulic pressure intensifiers. 
A relatively low pressure gas or liquid is brought to bear onto 
a large area piston which is coupled directly to a much smaller area 
piston compressing the eluent. 
C) Single-piston reciprocating pumps. 
Here, a small area reciprocating piston repeatedly displaces 
small volumes of eluent to produce the output flow. 
Multiple-head reciprocating pumps. 
This type of pump is essentially a number of single-head 
reciprocating pumps operated out of phase to produce a smooth flow. 
Mechanically driven large-volume syringe pumps. 
A large volume syringe is driven by a lead screw and stepping 
motor. 
The five pumps described are of two types, constant pressure or 
constant flow. Constant-pressure pumps ((a) and (b)) regulate the 
output flow according to the resistance to flow while constant-flow 
pumps, which are the purely mechanical devices (c) (d) and (e), 
deliver the set output flow regardless of the flow resistance. 
Although both types of pump are equally suitable it must be remembered 
that each type will react differently to a variable downline flow 
resistance such as a debris build-up which will eventually lead to 
total blockage. The constant-pressure pump for example, will maintain 
the pressure as the resistance increases, reducing the flow-rate 
accordingly, while the constant-flow pump will maintain the flow-rate 
as the resistance increases causing a pressure build-up. The three 
factors, pressure drop, flow-rate and resistance are related by the 
equation: - 
AP = f . R 
v flow 
where Ap is the pressure drop, f the flow-rate and Rflwf the flow 
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resistance. Most constant-flow pumps are equipped with a 
pressure limiting device which protects the pump and other hardware 
from damage in this type of situation. 
A detailed description of the pumps employed in this work will 
now be given. 
3.2.1 Constant-flow pumps 
Both a mechanically driven large-volume syringe pump and a 
multiple-head reciprocating pump have been used. 
3.2.1.1 Mechanically driven large-volume syringe pump 
This pump was manufactured by Applied Chromatography Systems 
Ltd. (b) (Model number 750-02,) and was capable of delivering 
flow-rates from 0.1 to 9.9cm 3min -  in steps of 0.lcm3min 1 with a 
claimed flow stability of 1%. The pump capacity was approximately 
75cm3 with a refill time of approximately 25 seconds. 
A diagram of the pump is given in Figure 3.2. The design is 
very simple with an electronically controlled stepping motor 
governing the rate of piston drive. Although not shown in the 
diagram, the valve logic for the various operational cycles such 
as fill, empty and pump was controlled electronically. The 
valves employed were of the solenoid type. 
3.2.1.2 Multiple-head reciprocating pump 
This pump was an Altex (c)  Model 100. The pump offers 
electronically corrected pulseless flow metering from a few cm  
per hour to 10cm 3 per minute up to pressures of 10,000 psi at a 
flow-rate precision of + 1%. 
A schematic diagram of the pump is given in Figure 3.3. It 
is a small-volume dual-piston reciprocating pump. The pistons 
being driven by a specially designed cardioid cam allowing them to 
Applied Chromatography Systems Ltd., 
Concorde House, Concorde Street, Luton, Bedfordshire. 
LU2 OJE England. 
Altex Scientific Inc., 
A subsidiary of Beckman Instruments Inc., 
1780 Fourth Street, Berkeley, California 94710. 
Motored Piston 





















Outlet to column 
Inlet from reservoir 
	 I 
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operate slightly more than 180 0 out of phase. While one piston 
[piston A] is 'on-line' delivering solvent to the output, the other 
[piston B] is being refilled ready to take over when the first 
cylinder needs refilled. Note that the specially designed cardioid 
cam allows the take-over situation to be negotiated with the 
minimum of flow-rate fluctuation by allowing the piston in the 
refilled cylinder to start its flow-stroke before the other piston 
has reached the end of its stroke. Again, as with the, syringe pump, 
the reciprocating pump is driven by a stepping motor controlled 
electronically. 
3.2.2 Constant-pressure pumps 
Two constant-pressure pumps, both pneumatic pressure 
intensifiers have been used in experimental work. 
3.2.2.1 Pneumatic pressure intensifiers 
Both a commercial and a home-made pressure intensifier have 
-been employed as HPLC pumps. The commercial pump was a prototype 
instrument developed by Shandon 	but never marketed while the 
home-made pump (e) was of a similar but rather more straight-
forward design. A schematic diagram of a pneumatic pressure 
intensifier is given in Figure 3.4. This type of pump is usually 
driven by gas pressure from a commercial nitrogen cylinder. The 
gas is used to drive a relatively large area piston connected 
directly to a smaller area piston which pressurizes the solvent. 
The outlet pressure is proportional to the inlet pressure and the 
amplification factor is the ratio of the areas of the two pistons. 
This is usually between 9 and 50 for pumps used in HPLC. The 
liquid displacement of this type of pump may vary from 2 to 60cm 3 . 
At the end of a stroke the cylinder is refilled with solvent 
by redirecting air to the opposite side of piston A. Non-return 
valves ensure that the outlet is sealed during a refill stroke and 
Shandon Southern Products Ltd., 
Chadwick Road, Astmoor, Runcorn, Cheshire WA7 IPR. 
Home-made pump designed by Dr. R.A. Wall and built in the 
Engineering Workshops of the Chemistry Department, 
Edinburgh University. 
Outlet to 
column Gas inlet for 
drive stroke 



























the solvent inlet is sealed during a drive stroke. 
The prototype Shandon pump was of a rather novel design somewhat 
similar to that of the Altex dual-head reciprocating pump described 
earlier. Dual pistons were used each with a displacement of 
2.35cm3 . The amplification factor employed was 25. Using 
electronic control, when one piston approaches the end of its stroke, 
before refilling, the second piston is activated. No flow from the 
second piston is allowed, however, until it generates the same 
pressure as the first piston. When both cylinder pressures are 
equal, the first cylinder is refilled while the second piston continues 
to pump solvent. With this system there is no change in flow-rate 
output on cylinder changeover. 
The rather more modest design of the home-made pump employed 
a single cylinder of approximately 20cm 3 capacity. The pump 
was controlled by whisker valves which detect when the piston is 
at either end of a stroke redirecting the gas flow accordingly. 
Clearly, this design, being of the single piston type, produces 
fluctuations in the flow output every time it refills. Refill 
time was approximately 2-3 seconds. 
With all the pumps described, the solvent degassing techniques 
used were either sonication or purging with helium. Note however, 
for experiments with open-tubular columns, solvent degassing was 
achieved by ref lux. As regards solvent filtration, this was 
achieved by means of 5cm diameter disks of 37im porosity stainless 
steel gauze on the input lines of the constant-pressure pumps and 
the syringe pump 	while finer 711m filters were employed on the 
input line of the dual-head reciprocating constant-flow pump. 
In all cases the output pressure from the pumps has been measured 
at a point close to the injection valve by a Bourdon pressure gauge. 
(f) Note that because the constant-pressure pumps and the syringe 
pump refill quickly, one has to be careful that too fine a filter 
is not placed on the solvent inlet line. This may lead to 
difficulty in drawing solvent through the filter. If such a 
situation arose, a partial vacuum would be formed inside the pump 
with the result that air would be drawn in. This would inevitably 
become dissolved in the solvent leading to degassing problems in 
the flow cell. 
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3.3 Injectors 
With regard to conventional HPLC, two types of injector have 
been employed in this work. 
3.3.1 Syringe injection 
The syringe injector used in this work (see Figure 3.5) was a 
commercial unit produced by Shandon for use with their analytical 
column system. Although originally one of the most popular injection 
techniques, its popularity is now waning. Syringe injection is 
usually performed with a high quality micro syringe capable of 
delivering injection volumes of 1, 5 or lOil. The syringe needle 
is placed into a bed of glass beads through a well supported 
elastomer septum, on either side of which are needle guides. On 
injection, a curtain flow arrangement quickly washes the sample 
onto the column before radial dispersion can take place. The 
injection has to be made into a bed of glass beads as opposed to 
the packing material itself in order that the packed bed remains 
undisturbed. It has been shown that disturbance of the packing 
caused by a syringe needle leads to rapid loss of efficiency. In 
the Shandon system a gauze is used to top the packing material, 
which allows the glass beads to be changed with minimal disturbance 
to the column. 
Although the syringe system produced the highest quality 
injection, the sample being injected directly above the packed bed, 
it does suffer from a number of problems. Above 1500 psi, 
syringe injection becomes difficult and indeed in this pressure 
region, syringes tend to shatter making the injection technique a 
rather expensive one. Syringe needles are also very easily bent 
or broken trying to pierce the septum. The elastomer septum 
continually causes problems. Torn pieces of septum become 
dislodged and find their way into the bed of glass beads. This 
inevitably affects the injection quality. At high pressures, torn 
pieces of septum are pushed upwards, raising the height of the upper 
needle guide. This restricts needle penetration. The syringe 
injection system has therefore to be continually cleaned and the 














Figure 3.5 Details of a conventional syringe 
Lniection_system (Shandon) 
i-lb 
Finally, the system has the added disadvantage that it is difficult 
to inject samples reproducibly. Consequently, it is unsuitable for 
routine analysis where automatic operation or operation by unskilled 
personnel is a requirement. 
3.3.2 Valve injection 
Six-port injection valves manufactured by Valco (g) and 
eodyne 	have been employed in this work. A schematic diagram 
of a six-port valve is given in Figure 3.6. Essentially, there are 
two parts to a valve, the valve housing and the valve rotor. The six 
equi-spaced ports around the valve housing are linked in sets of 
two by the valve rotor which has small cavities cut into the inert 
polymer surface that fits into the valve housing to form a seal. 
By rotating the rotor, the solvent flow can be redirected to flush 
out sample from a loop and onto the column. Returning the rotor 
to its original position allows the sample loop to be refilled. 
Loops can be interchanged to select various injection volumes 
from lOi.tl upwards. For smaller injection volumes, a four-port valve 
can be used. Here, the injection volume is carried in the cavity 
within the valve rotor itself. After filling, the rotor is rotated 
to redirect the flow via the channel containing the sample, washing 
it onto the column. 
One of the main problems associated with operating a valve 
injector is the extra-column dispersion arising due to the fact that 
the injector, unlike the syringe injector., cannot be linked directly 
to the column. A length of stainless steel tubing is required to 
achieve the connection, and this should be as short and narrow as 
possible (typically 100mm length, 0.25mm bore). 
Figure 3.7 illustrates the connection of a six-port valve to 
a Shandon column by such a length of tubing. Although the configur-
ation given is fairly typical, it is generally considered that a 
curtain flaw arrangement inlet would be a more satisfactory system. 
Valco Instruments Co., 
P0 Box 19032, Houston, Texas 77024. 
Rheodyne, 

























Figure 3.7 Details of the connection of a 
six-port valve to an analytical 









Here, the eluent flow is arranged to wash around the sample inlet 
tube, sweeping the sample sharply onto the column. 
There are essentially two disadvantages with valve injectors. 
They deliver a poorer quality injection than syringe systems and 
because they are precision engineered they are expensive. There 
are advantages, however, in that good sample mi ection 'reproducibility 
can be achieved, and also, such systems are easily automated and 
reliable needing the minimum of maintenance. 
3.4 Columns and column connections 
The heart of any liquid chromatograph is the column. The 
design of the column i.e. how the sample enters and leaves the packing 
and how the packing is retained, is all important. A column may 
be well packed and capable of high performance but only a mediocre 
performance will be realized if the fittings used to connect it to 
the chromatograph are of poor design. 
As already indicated, a typical analytical column is 100-250mm 
in length and 4-8mm bore. Generally, internally polished, 1/4" 
outside diameter 	(OD) 316 stainless steel tubing is used as 
the column material. In this work two types of conventional 
analytical column have been used. The two designs differ quite 
considerably. One of the columns used was of a type popular in 
most laboratories and was in the form taken by most pre-packed 
columns from the major manufacturers. A diagram of this type of 
column is given in Figure 3.8. A union system 	accepting 
Swagelok type (k)  end caps is used and stainless steel frits are 
employed to retain the packing material. The union design is such 
that the 1/16" stainless steel inlet and outlet tubes access the 
frits directly. 
Many American manufacturers still employ the Imperial System of 
measurement. Consequently, there are occasions in this thesis 
where, purely for reasons of convenience, reference to this system 
has been made. 
Readers are reminded of the following equivalences. 
1" E 25.4mm, 1/16" H 1.6mm, 1/1000" E 25.41im. 
These fittings are of the zero dead volume type. 
Swagelok Unions - Crawford Fitting Company, 
29500 Solon Rd., Solon, Ohio 44139. 
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Figure 3.8 	Constructional details of a 
popular conventional analytical 
column design 










There are a number of problems with this design. On-column 
injection for example, is not possible. Also, the use of frits to 
retain the packing material is undesirable. These are easily blocked 
and damaged. Generally, the column is difficult to maintain e.g. 
checking on column shrinkage, which is a common problem with analytical 
columns, is not straightforward. This type of column is often 
difficult to re-use i.e. many column end pieces utilize stainless 
steel ferrules as opposed to a welded joint to seal the end piece 
to the column. Once a stainless steel ferrule has been placed on 
a column by a particular union, only that union can be used from 
then onwards. 
The other conventional column type used in this work was designed 
to overcome the problems mentioned above. It is manufactured by 
Shandon. A diagram of the system is given in Figure 3.9. The 
column utilizes a length of 1/4" OD internally polished tubing. 
The ends of the column, however, are quite different from the more 
popular design. The system allows on-column syringe injection as 
well as a conventional type valve injection. Stainless steel gauzes 
as opposed to frits are used to retain the packing material as these 
are easily replaced and have less tendency to block. An '0' ring 
sealing system utilizing screw-lock rings takes the place of ferrules 
allowing continual re-use and easy maintenance. The column outlet 
tube is a short length of 1/16" OD, 0.25mm inside diameter (ID) 
stainless steel tubing. This is linked directly to the flow cell 
input feed tube using a 1/16" Swagelok union. The connection is 
illustrated in Figure 3.9. The union is drilled-out i.e. the central 
section of the union has been removed to permit the tubes to butt 
(1) tightly together 	. This is standard practice in LC where two 
tubes have to be joined with the minimum dead volume. In this 
type of connection (i.e. a low pressure connection) PTFE ferrules 
would be used as these can be removed without cutting the tubing. 
On high pressure unions stainless steel ferrules are employed. 
(1) In many cases in this work the term 'drilled-out' is used with 
reference to a 1/16" Swagelok union. Essentially, when a 1/16" 
union is said to be 'drilled-out', a No. 52 drill (which is one 
half of one thousandth of an inch over 1/16") has been taken through 
the union to clear the central tube location section allowing a 
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Figure 3.9 Constructional details of the 








These can only be removed by cutting the tubing. Note that in some 
cases, PTFE ferrules can cause problems. PTFE tears easily and in 
some situations pieces of torn ferrule can cause blockages. 
3.5 Column packing 
This is undoubtedly the one area of HPLC which causes many 
problems for the newcomer. On making enquiries into the all important 
subject of how one packs a good quality column one is confronted by 
many workers who recommend particular column packing techniques that 
they have perfected after many years of experience in the field and 
yet their protocols are apparently not backed up by any solid reasoning 
other than the fact that the techniques produce good columns. Indeed, 
when some of these techniques are tried many of them do not produce 
the required results due to the fact that many column packing protocols 
rely on operator skill in handling the equipment 
Although at present, there appear to be no hard and fast rules 
governing the best way to pack columns, some general guidelines have 
arisen. In any batch of packing material there is a spread of particle 
sizes about the nominal value. With the commercial material presently 
available, most particles lie within a two to three fold diameter 
range centered on the nominal value. It is generally agreed that poor 
column performance is usually the result of the production of an 
inhomogeneous column cross-section from the variety of particle sizes 
that make up the material. 
Packing particles of 301.im diameter or larger is fairly straight-
forward and good columns can be obtained by using a dry packing procedure. 
Particles with diameters of 20im and less however, require slurry packing 
procedures in order to obtain satisfactory results. 
Knox 
1 
 has suggested some general guidelines to be followed when 
slurry packing conventional HPLC columns:- 
1) Particles must not be allowed to agglomerate. 
(m) With practice in the use of packing equipment, the time taken to 
pack a column is reduced. This time factor is often important in the 
prevention of particle sedimentation which can cause inhomogeneous 
column cross-sections leading to poor column performance. 
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Particles must not be allowed to sediment. 
Particles should hit the packed bed at high velocity. 
Particles must be packed under high compression. 
1) and 2) encourage a homogeneous column cross-section while 3) 
and 4) ensure that a compact bed is obtained. 
Prevention of particle agglomeration can be achieved by 
selection of a solvent which wets the particles. Methanol 
for example, has been found to be suitable for forming slurries 
with both silica and the hydrophobic reversed-phase material. 
Agitation by sonic radiation is also useful for preventing particle 
agglomeration. 
Particle sedimentation can be restricted by using a solvent of 
similar density to the material being slurried. This technique is 
termed balanced density slurry packing. Although once quite 
popular, the technique is now out of favour because of the high 
toxicity of the haloalkaries employed. 	Agitation by either 
stirring with a magnetic stirrer or sonic radiation is also 
effective. 	Clearly, this type of agitation should be maintained 
right up to the point where the slurry is forced into the column. 
As regards the requirement that the particles hit the packed 
bed at high velocity. This may be achieved through the use of high 
packing flow-rates usually generated by a large displacement 
pressure intensifier. Low viscosity solvents are also advantageous 
if high particle velocities are to be obtained. High compression of 
the packed bed is achieved by packing at high pressures. 
Generally, reversed-phase materials are more difficult to pack 
than straight-phase silica due to their hydrophobic nature. The 
material tends to take up an electrostatic charge which results in 
particles strongly repelling each other. If not dissipated, this 
charge can lead to a reversed-phase packed bed collapsing after 
packing. 	An electrolyte such as sodium acetate is usually included 
in reversed-phase slurries to prevent charging. 
The essential features of any slurry packing technique may be 
summarized as follows. The slurry is placed into a suitably sized 
reservoir which is compatible with the column to be packed. The 
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reservoir is linked via a high pressure on/off valve to a large 
displacement pressure intensifier. When the slurry has been loaded 
into the reservoir, the reservoir is sealed and the on/off valve 
activated to release the driving solvent at the required pressure 
to the slurry. Generally, flow-rates in the region of 10cm3min1 
and pressures from 5,000 - 10,000 psi are used. 
Many workers pack their columns in an upward direction. Bristow 2 
claims that with this procedure, the packed bed builds up horizontally, 
while with downward packing, the bed becomes domed as the flow velocity 
falls, leading to a poor column cross-section. Knox 1 also claims 
that better, more consistent results are obtained with upward 
packing as the technique inhibits sedimentation resulting in a more 
homogeneous column cross-section. 
Slurry concentrations do not appear to be too important. 
These generally have liquid/solid ratios of no greater than 50:1 and 
not less than 5:1. 
In this work, two quite different techniques and pieces of 
equipment have been used to pack conventional analytical columns. 
These two protocols will now be described in detail. 
The first procedure was developed in the Wolfson Liquid 
Chromatography Unit 	A diagram of the equipment used is given 
in Figure 3.10. The diagram illustrates the arrangement for 
packing Shandon type columns, any type of column, however, may be 
packed by this procedure providing the necessary fittings are 
available. 
The stainless steel packing chamber is linked via a high pressure 
on/off valve to a high displacement pressure intensifier. For a 
100 x 5mm column, approximately 2g of packing material is dispersed 
i 	
3 n 10cm of slurry liquid. Methanol is generally used for both 
straight-phase and reversed-phase packing, 0.2g cm-3 of sodium acetate 
electrolyte being added to the reversed-phase slurry. After 
vigorous shaking, the slurry is placed in a sonic bath for 5 minutes 
while the column is prepared by fitting it with a bottom gauze. The 
slurry is poured as quickly as possible into the packing chamber, 
(n) Wolfson Liquid Chromatography Unit, Department of Chemistry, 






















which is then topped up if necessary, and the column is secured to 
the apparatus. The column is packed in an upward direction by 
opening the on/off valve between the reservoir and pump. A 
packing pressure of approximately 6000 psi is usually employed. 
After passing approximately 200cm 3 of follower liquid, (usually 
methanol), the column and packing reservoir are inverted and a 
further 100cm3 of follower liquid is allowed to pass through the 
column. The apparatus is then isolated by closing the on/off 
valve. 	Once the system has depressurized, the column is removed 
and conditioned with eluent. 
The second procedure utilized in this work for packing 
conventional analytical colimins is based on a stirred reservoir 
marketed by Micromeritics Inc. 	A diagram of the system is 
given in Figure 3.11. 	The device is simply a bomb with a facility 
for continually agitating the slurry with a conventional magnetic 
stirring unit. The lid of the bomb has a 1/16" access hole for 
the input tube from the pressure intensifier while next to this is 
a 1/4" Swagelok thread to which the more common type of column 
described earlier can be attached. 	For a standard 250 x 5mm 
column, 3.5g of packing material in 70cm 3 of solvent (MeOH for 
silica, MeOH + sodium acetate for reversed phase material) is used 
to form a slurry. After shaking, the mixture is allowed to stand 
in a sonic bath for 5 minutes. The slurry is then transferred to 
the bomb and the lid, with the column in place, is made secure. 
(NB the column is packed in an inverted position). The stirrer 
is started as soon as a seal has been formed, to minimize 
sedimentation. 	The follower solvent is released to the bomb by 
simply opening a valve between it and the pressure intensifier. 
A typical packing pressure used with the system is 6000 psi. After 
passage of approximately 200cm 3 of follower (usually methanol) 
the pump is isolated. 	Once the system has depressurized, the column 
is removed from the apparatus and conditioned with eluent. 
(o) Microrneritics Instrument Corp., 




Figure 3. 11 Outline of appara tus required 
for slurry  _packing conventional 









The task of a detector in HPLC is to continuously monitor the 
column effluent and provide an electrical signal proportional to 
either the concentration or amount of each particular solute 
present in the eluent. The detector must be highly sensitive and 
have low noise characteristics. In addition, its use should not 
significantly degrade the column performance. 
There are many types of detector suitable for use in HPLC. 
These may be classified into three catagories:- 
Selective property detectors (e.g. UV spectroscopy, fluorescence 
spectroscopy, electrochemical detection). 
Bulk property detectors (e.g. Refractive index (RI) monitor). 
Solute/solvent separation systems (e.g. wire transport/flame 
ionization detector). 
The choice of detector has been discussed in some detail by Scott 
who suggests that the following parameters should be compared:- 
Detector noise level. 
Noise equivalent concentration i.e. the concentration of a 
particular solute that produces a signal equal to the noise level. 
Dynamic range i.e. the ratio of maximum to minimum concentration 
over which the detected property can be measured. 
Useful linear range. 
Detection cell volume and length of connection tubing required 
to link the cell to the column. 
Band dispersion produced by both cell and connection tubing. 
Because relatively small sample loadings are employed in HPLC, 
detectors should at least be capable of detecting one part of 
solute in 106  parts of eluent. The refractive index monitor, for 
example, is only just capable of this requirement while selective 
property detectors such as UV photometry are capable of much higher 
sensitivity (typically 1 part of solute in 10 parts of eluent). 
Indeed, LW photometry is the most popular form of detector for 
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LC comparing favourably, in respect of the factors outlines 
above, with the other forms of detectoravailable. In addition, it is 
a relatively cheap and robust detection system. There are cases, 
however, when one of the other detectors (e.g. RI monitor) has to be 
employed. 
Throughout this work, a single beam UV photometer (P) was
employed for detection. A schematic diagram of this instrument is 
given in Figure 3.12 while a diagram of a conventional flow cell 
design is given in Figure 3.13. 
Essentially, the UV photometer allows the attenuation of a beam 
of UV light (produced by a deuterium lamp, the required wavelength 
being isolated by a grating) to be monitored as it passes through 
the flow cell. The 8l (10mm path length, 1mm bore) stainless steel 
cell is capped by quartz windows. 
When monochromatic radiation is used, the absorbance of light 
obeys Beer's Law. The absorbance, A, is given by:- 
I 
0 
A = log 10- = cc2. 
where I is the intensity of light emerging from the cell when it 
contains a completely transparent liquid. I is the intensity 
emerging under the same conditions when solute is present in the 
-1 1 - 	I 	mr1r Pxtinction coefficient (mol 1dm3 cm- 1), c 
is the solute concentration (mol dm 3 ) and £ the path length (1cm). 
Although the Cecil instrument was equipped with a deuterium 
lamp which allows wavelengths from 180-400nm to be covered, a cheaper 
detector option would be to utilize a low pressure mercury lamp. 
This gives an intense emission line at 254nm and only a simple 
filter is required to isolate the wavelength. Although not as 
versatile as the deuterium lamp, this long life source is suitable 
for the detection of many organic molecules. 
Typical noise levels experienced with UV instruments are 
(p) The UV photometer employed was a Cecil Instruments CE212. 
Cecil Instruments Ltd., Cambridge, England. 
_, -_J V 
Figure 3.12 Schematic diagram of the Cecil 
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Figure 3.13 Diagram of a conventional 8 jil 
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generally in the range 10 -4 - 10
-5 
 AU giving a noise equivalent 
concentration at 10-5 AU of 10 10g cm- 
3 
 for a solute of molecular 
weight 100 and molar extinction coefficient of I0 4 mol 1 	cm. 
A linear range in the region of 10 can be expected (i.e. a working 
range from the noise level at 10 Absorbance units up to 1AU. 
With a typical conventional 8.i1 cell and connection tubing 
an extra-column dispersion figure in the region of 301A can be 
expected (see Section 5.2.1). The use of such a cell can cause 
problems with the latest short 3m columns (see Section 5.2.2) where 
the true column performance is not realized because of the 
relatively high extra-column dispersion. Ideally, a small volume 
cell with a design allowing a reduced connection volume between 
column and cell is required to solve the problem. Such a design has 
been proposed (Section 4.2.2) and tested (Section 5.3.3) in this work. 
3.7 Recording the output from the spectrometer. 
A Bryans (q)  Y/t single channel chart recorder (type 28000) 
was employed throughout this work to record the output from the 
spectrophotometer. This recording technique is rapidly becoming 
less popular with the introduction of cheap, powerful computing 
facilities which allow the output from the spectrometer to be recorded 
onto disc or magnetic tape. The signals can then be displayed on a 
thermal printer along with dead times, retention times, peak widths, 
peak areas and any other desired information. Such a facility 
considerably speeds up experimental work, overcoming the need to 
make laborious measurements from chart paper. The capacity to 
store many sets of chromatographic data and access them quickly is 
also a distinct advantage of such a system. 
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4.1 General introduction 
It has already been made clear in Chapter 2 (Section 2.4.5) that 
if one wishes to operate either reduced-bore or open-tubular columns 
successfully, then vast improvements in the presently available 
extra-column equipment design will be necessary, particularly in 
the case of open-tubular columns. Essentially, this means that 
high quality injection and detection systems, capable of injecting 
and detecting very small volumes of sample with the minimum 
contribution to extra-column dispersion have to be developed. 
In this chapter, the development of such miniaturized hardware 
for the present project, starting from a point where only conventional 
equipment was available, will be described. The chapter has been 
divided into two sections:- 
The development of:- 
Detectors and flow cells. 
Sample injection systems. 
4.2 Detector and flow cell development 
4.2.1 Detector development 
With the exception of a mass spectrometer (Chapter 7), the only 
type of detector employed throughout the complete experimental work 
has been a liv spectrophotometer. As indicated ealier, the instrument 
most widely used was a Cecil CE212 although other liv photometers 
have been used for short periods. 
The only major modification made to the CE212 was to replace 
the standard deuterium lamp and power supply with a more intense 
mercury pen-light lamp (a) and power supply. A specially designed 
lamp holder, which allowed lamp adjustment, had to be constructed 
and fitted to the existing spectrophotometer chassis. The pen-light lamp 
gives an intense emission line at 254nm. 
(a) This lamp was manufactured by Du Pont Instruments, 
Wilmington, Delaware. 19898. 
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Minor modifications were made to the flow cell holder supplied 
with the CE212 to allow location of the newly developed miniature 
flow cells in the same position in the light beam as a conventional 
cell. Essentially, this entailed cutting a V-shape in the holder 
and enlarging the aperture through which light from the photometer 
passes. Details of these modifications can be seen in the 
photograph of the flow cell holder (Figure 4.10). 
The elaborate cell housing cover supplied with the Cecil 
Instrument was replaced with a simple aluminium cover. Unlike the 
original cover, this was not hinged and allowed easy access to the 
cell compartment. 
4.2.2 Flow cell development 
A miniature flow cell for UV photometry has been designed, 
built (b)  and tested. The device was designed with the following 
requirements in mind:- 
The cell should be compatible with the Cecil CE212 UV photometer. 
The cell should allow detection volumes of ljil or less to be 
confined. It should also be possible to change the detection volume 
without too much difficulty. 
The design should incorporate the longest path length possible 
to optimize signal strength. 
It should be possible to monitor column effluents almost directly. 
i.e. There should be the minimum of connecting volume between the 
column and flow channel to give rise to extra-column dispersion. 
The device should be of a substantial nature which would allow 
it to be easily modified rather than scrapped in the event of 
problems being encountered with the design. 
Two photographs of the initial design, the first showing an 
assembly view (Figure 4.1) the second showing the device mounted on 
(b) The flow cell was constructed in the Engineering Workshops of 
the Chemistry Dept. Edinburgh University. 	- 
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Figure 4.1 Assembly view of Mk 1 flow cell 




its holder (Figure 4.2) are presented. Engineering drawings (c) are 
also presented in Figures 4.3 - 4.7. Hereafter in the text this 
design will be referred to as the Mkl flow cell. 
The design proposed may essentially be described as a sheathed 
flow device. At the heart of the cell are two opposed pistons 
orientated vertically in a narrow chamber which is fed with a 
secondary liquid flow. The lower piston has a groove cut into its 
top face. When butted hard against the face of the top piston, 
this groove forms a flow channel which the column effluent enters 
centrally through the body of the upper piston. The secondary flow 
serves both to wash away the effluent issuing from the flow channel 
and also to ensure that there is no 'dead space' in the system. The 
flow channel is monitored through quartz rods placed at either side 
of the main body of the device. 
The Mkl flow cell was tested with a lil flow channel. This 
channel was supplied by an approximately 70mm length of 0.15mm bore 
PTFE tubing which had been drawn down at one end and pulled through 
the aperture in the base of the top piston. Once tight, the excess 
tubing was cut flush with the piston to leave a smooth face. 
Experiments were performed with a conventional syringe injector 
linked via a zero-length column 	to the PTFE feed tube. A number 
of flow channel flow-rate/curtain flow-rate ratios were examined but 
all the peaks obtained were severely tailed. The problem was 
eventually traced to the annular space between the pistons and the 
flow cell body. At 1.1mm, this was found to be too large. As a 
result, solute issuing from the flow channel was not washed out of 
the cell quickly enough. A PTFE insert was constructed which reduced 
the clearance between the pistons and the cell body to 0.25mm. (e) 
Note that when sectional drawings have been presented, these 
are half sections. 
A zero-length column is a column with all the essential fittings 
to allow it to function as an LC column but without a tubular 
region to hold packing material i.e. it is a blank column. 
It must be noted that to obtain a satisfactory peak shape with 
the modified Mkl cell design it is most important that the quartz 
rods are placed flush with the PTFE insert to avoid creating 
unwashed volumes. 
11, - I 
Figure 4.3 
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With this modification, the peak shape obtained was improved. Indeed, 
all of the experiments performed with narrow-bore packed columns in 
this work (Chapter 6) utilized this Mkl cell. The performance in 
terms of the degree of band broadening this device produces is 
discussed in Chapter 5. 
After considerable operational experience with the original 
design, a Mk2 version was constructed which incorporated various 
design improvements. Two photographs of the Mk2 cell are presented. 
Figure 4.8 is an assembly view while Figure 4.9 shows the cell 
mounted on its holder. Figure 4.10 is a photograph of the special 
flow cell holder adapter that had to be built to allow the same flow 
cell holder to be used as that employed with the Ocl cell. 
Engineering drawings of the Mk2 cell are presented in Figure 4.11 - 
4.16. 
Essentially, the Mk2 cell design is very similar to the Mkl 
device. The main modification however, apart from decreasing the 
overall size of the cell, has been to utilize a quartz disc as 
opposed to quartz rods to allow entry and exit of light. The choice 
of a quartz disc allowed a better liquid seal to be achieved, as 
during experiments with the Mkl device, it was found that an ability 
to be able to pressurize the cell to dissolve trapped air was 
important. With the quartz rods, sealed by PTFE ferrules, this was 
almost impossible as even the slightest increase in pressure caused 
the rods to be displaced from the cell body. With the quartz disc, 
sealed in place by two '0' rings, the device can withstand a 
considerable pressure build-up, and furthermore, the disc, unlike 
the quartz rods, can be placed quickly and accurately in the cell 
body. 
Another advantage arising from the use of quartz discs relates 
to their optical quality. The discs were obtained cormercially 
and as a result were already polished. The quartz rods on the other 
hand, had to be cut to length in the laboratory and their faces 
f) Quartz discs obtained from Thermal Syndicate Ltd., P.O. Box 6, 
Neptune Rd., Wallser.d, Newcastle-upon-Tyne. It is understood 
that the discs were cut from a length of quartz tubing. 
4-13 
Figure 4.8 Assembly view of Mk 2 flow cell 
Figure 4.9 Mk 2 flow cell mounted on cell 
holder 
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Figure 4.10 Flow cell holder with adapter for 
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ground to produce a suitable finish. Unfortunately, the light 
transmission properties of these rods were variable and 
inevitably, they did not match the quality of the commercially 
polished discs. 
Finally, with the sealing system devised for the quartz discs, 
it is difficult to damage the pieces during cell assembly. This is 
because the Mk2 flow cell body was designed to 'lock-up' before the 
disc is squashed between the metal sections. With the Mkl cell, 
assembly of the freshly polished rods into the cell body was a 
particularly difficult task. Many rods were broken during this 
assembly procedure. 
The top piston of the Mk2 cell was designed to allow the base 
of a narrow-bore packed column to be placed within approximately 
1mm of the flow channel. The channel is accessed via a 0.25mm 
diameter aperture. This eliminates the need for a feed tube from 
the column to the flow cell which would inevitably produce unwanted 
extra-column dispersion. 
The Mk2 flow cell was found to perform well and full details of 
experiments designed to establish the degree of extra-column 
dispersion the device produces are given in Chapter 5. 
In all of the experiments to be described with the two 
miniature flow cells, the secondary or curtain flow liquid fed to 
the annular space between the pistons and cell body was obtained by 
gravity feed. A head of approximately 0.7m was found to give 
sufficient flow to allow the cells to function well. 
4.3 Injector development 
In view of the success of sample-splitter injection systems in 
capillary gas chromatography, it was decided at an early stage in 
this work, to try to develop a similar type of device for introducing 
small volumes of sample onto small-bore liquid chromatography columns. 
Sample-splitter injection systems are considered to be more 
versatile than the alternative techniques of small volume valve and 
micro-feeder injection. Moreover, it is considered that a sample-
splitter configuration is likely to produce the 'cleanest' sample 
injection of the three techniques in terms of the degree of extra- 
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column band broadening. 
In this section, an outline of the development of this 
sample-splitter injector will be given. 
4.3.1. Experiments with a sample-splitter injector test rig 
4.3.1.1 Introduction 
The very earliest experiments performed in this work were with 
a sample-splitter injector test rig constructed from a conventional 
analytical column. With this rig, some feeling for the problems 
associated with split-flow IC injection was to be gained. 
The design of the test rig allowed small volumes of sample to 
be injected using a split-flow technique onto a 100mm length, 0.18mm 
ID, 1.6mm OD stainless steel tube. After passing through this tube, 
the sample was detected by a conventional 8ijl flow cell, as at the 
time, a miniaturized flow cell was unavailable. In these test 
experiments, the injector was linked directly to the flow cell via 
the shortest length of connection tubing possible; no columns 
were used. 
A diagram of the test rig is given in Figure 4.17. It is based 
on a standard Sharidon 100mm length, 5mm bore LC column. The lCX)mm 
length, 0.18mm bore, 1.6mm OD capillary sampling tube runs the length 
of the section of the Shandon column which would ordinarily contain 
the packing material. The capillary tube was supported centrally 
in the column by glass beads, a gap of approximately 0.5-1mm being 
left between the base of the sampling tube and the outlet tube from 
the column. 	A conventional Shandon syringe injection head was 
employed for the primary injection of sample. A gap of approximately 
2.3mm was allowed between the base of the syringe needle placed in 
the injection position and the top of the capillary tube. 
On injection of sample from the syringe, the primary sample 
band passes over the top of the capillary sampling tube, where, 
under the correct conditions, a small volume of sample enters the 
capillary. This is the secondary injection. By choosing the 
correct bead size for the packed bed around the sampling tube it 
is possible to control the flow-rate in both the sampling tube and 
4Z&rin7e needle 
Shan don analytical 
column (10cm length, 
5mm bore) 
apillary sampling tube 
p10cm length 1/16 011, 
0.18mm LU ) 
- Feed tube to 
defector 
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Figure 4.17 Details of arnple-splifter injector 
test rig 
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the packed bed to allow the complete separation of the primary and 
secondary injection bands. 
(g)
As a result, the peak width of the 
secondary injection from the capillary tube can be measured. This 
value can then be compared to the theoretical value for the dispersion 
produced by the capillary at the particular flow-rate according to the 
Taylor equation. This procedure serves to indicate the most 
satisfactory injector configuration. 
The test rig conveniently allows the small volume secondary 
injection band arising from the capillary tube to be diluted many 
times as it leaves the bottom of the sampling tube and is mixed with 
the flow from the packed bed. This dilution, or make-up flow as it is 
sometimes called, permits the narrow band to be detected by a 
conventional 8.il flow cell. 
One of the first experiments performed with the test rig was to 
establish how well the injector performed when a low flow-rate split 
ratio was used. (Flow-rate packed bed, fp/flow-rate capillary, fc = 
30). With this split ratio, 120-180im glass beads were used to pack 
the outer bed. Under these conditions, the flow-rates in the two 
regions of the injector are such that the secondary injection band 
leaves the apparatus ahead of the primary band. 
As the bead size chosen was so small, in the region at either end 
of the capillary sampling tube, larger diameter beads had to be used 
in a sandwich type arrangement to prevent tube blockage. 
4.3.1.2 Experimental 
Seven, lt1 replicate samples of anisole standard (2640 ppm) were 
injected by syringe at a total inlet flow-rate of 0.2cm 3 min 
supplied by a constant-flow pump (Applied Chromatography Ltd). The 
eluent used was methanol/water (60:40) . The methanol was HPLC grade 
supplied by Rathburn Chemicals Ltd. 
(h),  while the water was distilled 
Full details of the theory behind this technique are outlined in 
Appendix 1. 
Rathburn Chemicals Ltd. Walkerburn, Peeblesshire. 
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in glass in the laboratory. The UV detector used was a standard 
Cecil CE212 equipped with a conventional 8 i.l flow cell. 
An example of the type of recorder output obtained in this 
experiment is given in Figure 4.18 [A]. 
4.3.1.3 Calculation of results 
Calculation of flow-rates 
The flow-rate in the packed bed and capillary have been calculated 
by simply measuring the dead time for each peak (t c or t). With the 
volume of the two regions known accurately from their dimensions, the 










- cross-sectional area of liquid 
L 	- tube length 
t - dead time m 
For the packed bed:- 
Tr 2 
	







r P (ID) - Internal radius of packed bed 
(OD) - External radius of capillary tithe 
Note that the extra volume contribution to the apparatus made 
by the feed tube to the detector has been ignored as it is very small. 
The factor of 0.4 arises in the equation for f because in a 
glass bead bed only 40% of the cross-sectional area of the column is 
occupied by liquid. 
4-Z6 
Figure 4.18 Examples of recorder output from 
experiments with the samDle-solitter 
Lniec for test rig  
[A] Capillary peak leaves system first 
- 2.3 mm gap between end of syringe 
Capillary peak 	




[5] Capillary peak 
leaves system last 
-2.3mm gap 
between end of 
AU 	syringe needle and 










NOTE - In cases [B] and [C] the amplification was set at 0.5 A.UFS for the 
first peak (packed bed peak) and increased to 0.01 AJJFS. for the 
capillary peak. 
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For the capillary tube:- 
2 
iT rL 




The total flow-rate is simply the sum of the capillary and packed 
bed flow-rates. 





Peak width - collector tube 
From the measurement of the peak width on the chart in seconds, 
the peak width in p1 can be calculated by multiplying by the total 
flow-rate. This figure is the diluted peak width. To obtain the 
peak width due to the collector tube, this is divided by the sample 
split ratio. 
The theoretical value for the peak width has been obtained by 
substituting the capillary tube flow-rate in the Taylor equation. 
The Taylor equation:- 
1L 	1½ 




where d - diameter of tube 
L - tube length 
f - flow-rate 
V 
D - diffusion coefficient (obtained from Wilkie-Chang 
m 	
equation) 
All values S.I. units. 
The sample split ratio 
This has been calculated by measuring the capillary peak height 
directly from the chart output. Knowing the amplification factor and 
extinction coefficient for the solute used, the peak maximum 
concentration can be calculated using the Beer-Lambert Law:- 
A = ecZ 
Where 
A - absorbance 
C - extinction coefficient /rnol 1dm3 cm 
c - concentration of solute/mol dm- 3 
- path length/cm (1cm in this case). 
The peak recorded has been assumed to be triangular. This allows 
the area to be calculated quite simply. 
Height - peak maximum concentration/mol dm- 3. 
Width/dm. 3 
Area =.½ base * height 
½ width* peak maximum concentration will give the amount 
of solute in moles. 
This can be compared directly to the amount of solute taken in 
the primary injection to give the sample split ratio. 
4.3.1.4 Discussion of results 
The close agreement between the experimentally determined peak 
widths and those predicted by the Taylor equation (Figure 4.19) was 
an encouraging initial result indicating that good quality, low volume 
sample injections are possible with a sample-splitter injection system. 
In the experiment described, the sample split ratio appeared to be 
in the 50-100 region corresponding to an injection volume in the 
10-20nl range. 
(k) All extinction coefficients obtained from: Ultraviolet spectra 
of aromatic ccxnpounds. 
R.A. Friedel and M. Orchin 
J. Wiley and Sons Inc. New York. 
Figure 4.19. Summary of dispersion data obtained with the split-flow injector test rig - 
Peak from capillary tube leaves apparatus first. 
f f Total flow Flow-rate Sample Peak width Theoretical 





Ills ratio ratio -Taylor l(4o) 
p1 (4u) 
1 3.79 0.122 3.91 31 90 2.3 1.7 
cn 2 3.48 0.128 3.61 27 57 2.1 1.7 
a 




rl 4 2.90 0.110 3.01 26 45 2.5 1.6 o 
5 3.40 0.114 3.51 30 59 2.1 1.6 
H U)WOO 
6 3.32 0.104 3.42 32 103 2.1 1.6 
OH b0 li 
7 3.58 0.103 3.69 35 67 1.8 1.5 
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4.3.2 Further experiments with the sample-splitter injector test rig 
4.3.2.1 Introduction 
Experiments with an injector configuration in which the packed bed 
solute band leaves the apparatus first have also been performed. This 
has been achieved by using 1mm diameter glass beads to pack the 
Shandon column. With this more permeable bed, much higher linear 
velocities are obtained in the packed bed region. It was considered 
that this configuration would lead to improved dispersion figures, the 
injected primary sample band being swept quickly over the capillary 
collector tube allowing a 'cleaner' injection than was the case when 
a low packed bed flow-rate was used. 
4.3.2.2 Experimental 
Two experiments have been performed. In the first, the same 
capillary sampling tube as that used in the initial experiments was 
employed. A number of different input flow-rates were investigated. 
Again, the gap between the end of the syringe needle in position in 
the injector and the top of the sampling capillary was 2.3mm. 
The second experiment was very similar to the first with a number 
of different input flow-rates being tested. Primary sample injection 
however, was made directly above the sampling capillary. In order 
to achieve this a longer collector tube had to be employed (length: 
102.5mm, bore: 0.17mm). 
In both of these experiments, because high linear velocities in 
the packed bed were employed, flow-rate split ratios and sample split 
ratios were also high. As a result, detection of the very dilute sample 
bands from the capillary tube was difficult. 0.2i.il samples of 
benzene were used as the test solute in an effort to aid detection. 
The experimental details, including the data calculation procedure, 
were otherwise identical to those used in the initial experiment. 
Examples of the recorder output are given in Figure 4.18. [B] and [C]. 
4.3.2.3. Discussion of results 
As expected, the flow-rate split ratio remained constant throughout 
the experimentation at approximately 1100-1200 regardless of the input 
4-il 
flow in both experiments. The sample split ratios however, did vary 
depending on the input flow used. In the experiment with a 2.3mm 
gap between the syringe needle and collector tube a steady fall off 
in sample split ratio was observed as the total input flow-rate was 
increased. This indicates that more sample is entering the capillary 
tube. Again, this was expected because as the total input flow-rate 
is increased then so is the capillary flow-rate. More sample will 
therefore be taken. (Refer to the results summary table, Figure 4.2o). 
There appears to be an optimum loading flow-rate for the injector 
configuration in which there is a 2.3mm gap between the syringe and 
collector tube. This region can be seen clearly in the plot of 
capillary peak variance versus capillary flow-rate 	(Figure 4.21) 
and is in the lower flow-rate region examined. At higher flow-rates 
a considerable deviation from the dispersion predicted by the Taylor 
equation is observed. 
The injector configuration in which the sample was injected 
directly over the collector capillary gives results that are in close 
agreement with the Taylor theory over the whole flow-rate range 
studied. The sample split ratios however, appeared to be unpredicable. 
This was thought to be due to variations in syringe needle location. 
The problem could probably be overcome with a valve injector supplying 
the primary injection. 
The injection volumes taken in these experiments span a range of 
roughly 0.02 - 0.7n1. Clearly, the make-up flow arrangement to the 
conventional 8.il flow cell, designed to prevent unwanted dispersion, 
performed well. 
A further experiment was performed with the test rig. This 
involved using a pointed capillary collector tube. It was considered 
that such a shape might reduce still further any extra-capillary band 
spreading by taking a 'cleaner cut' of the injected primary band. 
i.e.. With the present arrangement it was thought that some degree of 
disturbance must be caused as the primary sample band, travelling 
quite quickly, hits the flat surface of the collector tube. 
Unfortunately, however, with the detection system used no response 
was obtained. 
Figure 4.20. Summary of dispersion data obtained with the split-flow injector test rig - peak from packed 
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needle and top of capillary 
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4.3.3 Exoeriences with the first operational sample-splitter injector 
system 
After completion of the experiments with the sample-splitter test 
rig, modifications were made to the device to allow it to operate with 
a column. A specially designed column outlet was built. This allowed 
column entry to the injector via a centrally placed Swagelok end cap 
and by-pass flow to exit via a tee arrangement. 
Unfortunately, it was discovered that in order to operate the 
split-flow injector with columns of reduced bore at high sample split 
ratios (as demonstrated with the test rig experiments) and fairly low 
total input flows, to prevent solvent wastage, then the use of a 
packed bed arrangement around the column sampling tube was totally 
unrealistic. Essentially, calculations based on Appendix 1 indicate 
that to obtain suitable operating conditions i.e. a suitable 
resistance to flow in the packed bed of the injector, would require 
the use of a very narrow packed injector bed diameter (O.5mm) and 
very small glass packing (in the region of 5m diameter). 
As an alternative, a tightly fitting glass sleeve was proposed 
in place of the packed bed. A diagram of the system is presented in 
Figure 4.22. In the arrangement illustrated, an open tube which was 
used to test the system is shown in place inside the tightly fitting 
glass sleeve. This open tube was sealed in place at the base of the 
Shandon column by the specially designed tee piece mentioned earlier. 
As the open glass tube used to test the apparatus was less than 1/16" 
diameter, it was sleeved with a short length of PTFE tubing onto which 
a PTFE ferrule was placed. On tightening, the ferrule compresses the 
sleeve against the glass to form a seal. 
Both a needle valve and on/off valve were placed on the by-pass 
outlet. With the flow directed through the needle valve, the flow-
rate during the elution mode could be controlled (1) while on injection 
the on/off valve was opened providing a low resistance path to waste 
and consequently a high by-pass flow-rate. 
(1) The needle valve was used to control the elution flow-rate because 
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Figure 4.22 Details of the first operational 
sample-split ter injec for 
Syringe needle 
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A Shandon syringe injection unit was used to introduce the 
primary injection onto the apparatus, while the Mkl, 1.il flow cell 
was used for detection. The coiled open glass tube used to test the 
system was 4.6m in length and 70im bore. This was prepared using a 
Shirnadzu GDM- lB glass drawing machine. (m) The tube was linked 
directly to the flow cell by sleeving it with a drawn-down piece of 
PTFE tubing. The sleeved tube was pulled through the aperture in 
the base of the top piston until tight. Both the sleeve and glass 
tube were then cut flush with the piston face. 
Initially, difficulties were experienced in obtaining a response 
from the system. The problem was finally traced to pieces of torn 
septum from the primary syringe injection unit seal which had blocked 
the end of the test capillary. The syringe injector was therefore 
replaced by a conventional six-port valve injector. 
Early experiments with the system involved establishing the most 
satisfactory washing time. With the open capillary tube placed 
. -i 
flush with its sleeve, and with a total input flow of 0.2cm 
3 
 mm 	, a 
primary sample injection of benzene test solution was made. In 
successive experiments the chart was marked and the by-pass on/off 
valve closed after varying lengths of time (30s, 1, 2, 3 and 6 mins.). 
The recorder output obtained is presented in Figure 4.23. 
It is clear from the results that the time elapsed before the 
by-pass valve is closed (i.e. the injector washing time) is very 
important. If the valve is closed too quickly, a 'shoulder' or 
secondary peak is seen following the main band. This is thought to 
be caused by sample that has not passed the end of the capillary 
before the by-pass valve is closed. This is then taken onto the 
capillary as a second band once the valve is finally closed. After 
six minutes, all of the excess primary injected sample appears to 
have been swept clear of the top of the capillary and one single, 
sharp peak is observed. Tsuda and Nakagawa 1 have also noted similar 
experiences with their sample-splitter injector. 
The recorder output for the injection of a sample of benzene 
(m) Shimadzu, Seisakusho, Kyoto, Japan. 
Figure 4.23 Recorder output indicating the importance of 
7pjoyJg a suitablylôngwash period with 





















112 min. 1 rn/n 2mm. 	 3m/n. 	 6 mm. 
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solution on the system with a six minute washing period is given in 
Figure 4.24. 	From the dead time, test capillary dimensions and peak 
width it is possible to calculate that the peak volume at base is in 
the region of l'.il 	. This was a very encouraging result because as 
the volume of the flow cell was li.zl, one would not expect to encounter 
band widths below this volume. 
A further improvement to the system was to introduce a constant-
pressure pump to elute the sample after injection. This type of 
pump reaches the set elution pressure rapidly and consequently dead 
time errors arising due to slow flow-rate build-up are minimized. A 
diagram of the improved system is given in Figure 4.25. The injector 
was operated as follows: Initially, with the constant-flow pump 
running and the by-pass valve open, the primary injection was made by 
activating the six-port valve. After a set period of time during 
which the excess sample was flushed away via the by-pass, the constant-
flow pump was isolated, the by-pass valve was closed and the constant-
pressure pump was switched into the system to elute the sample at the 
desired flow-rate. 
Experiments conducted with high input flow-rates and shorter wash 
times during sample loading, indicated that with this type of injector, 
it is most important to check that the secondary injection band does 
not move a significant distance down the column or feed tube to the 
column before initiation of the elution stage. For this reason the 
combination of lowest injection flow-rate and wash time that provides 
satisfactory results should be used. These conditions obviously have 
to be established for each column. A good way of determining just 
how far a sample moves during the loading stage is to elute the sample 
band under loading conditions to obtain a loading linear velocity. 
For the test capillary, a total input flow-rate of O.lcm3rnin 
1  and a 
6 minute wash time was chosen. 
As regards the most satisfactory injector geometry, slightly 
lower dispersion figures were obtained when the test capillary was 
(n) Due to flow-rate fluctuations it has been calculated that this 







































































































































Figure 4.25 Schematic diagram of sample-split te, 
Lniec for system based on Shandon 
analytical column and utilizing 
two pumps 
Constant-flow 












placed flush with the glass sleeve as opposed to a slightly withdrawn 
configuration (Capillary tube llmm from the top of the sleeve). 
In an experiment in which the total input flow was varied (0.1, 
0.5 and lcm3 min - 1 ) it was discovered that there was little change in 
the sample split ratio. This was thought to be due to the relatively 
high resistance to flow offered by the capillary tube used. Also a 
slightly larger amount of sample was found to be taken with the 
injector geometry in which the test capillary tube was flush with the 
glass sleeve. A sample split ratio of = 1300 was obtained with the 
withdrawn configuration while a figure of 700 was found for the flush 
configuration. These figures correspond to injection volumes of 
approximately 6n1 and un]. respectively. 
4.3.4 The sample-splitter injector system finally adopted 
One of the main disadvantages of using a splitter system based on 
a conventional LC column was that it was very difficult to place the 
column inside the injector, particularly if the column was constructed 
of glass. Disassembly was just as difficult. Clearly, this was not a 
very satisfactory state of affairs as for column development work it 
is most important to have a system which can be assembled and 
disassembled quickly and easily. Consequently, a sample-splitter based 
on a drilled-out 1/16" Swagelok tee-piece was developed. This system 
considerably simplified the placement of a column inside the device. 
It was also much more versatile than the former design in that it 
could accommodate columns of various diameter without modification. 
The operating procedure was essentially similar to the former 
design. A very low resistance path to waste was offered by the tee 
branch by-pass to ensure there was no pressure placed on the head of 
the column during the sample washing period. i.e. There was no 
sample movement during this period. Again, as with the former system, 
to take account of the fact that some columns offer different 
resistances than others, a series of test experiments had to be 
performed with each particular column, to establish optimum sample 
loading conditions. 
As most of the packed columns tested offered particularly high 
resistances to flow, the loading protocol was changed. In order to 
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obtain a flow within the column during sample loading, a head pressure 
had to be applied to the column for a short period to permit sample 
intake. Generally, columns had to be held at 100 - 200 psi for a 
period of approximately 5 seconds to intake a suitable quantity of 
sample. This loading head pressure was varied by altering a fine 
needle valve 	attached to the by-pass. Directly after this loading 
period, the washing period was initiated by opening a valve accessing 
the low resistance path to waste. With this system, a washing period 
of only two minutes was required to give satisfactory results. After 
this period, the by-pass tee was isolated and the constant-pressure 
pump was activated. Note that with this injector system, unlike the 
former set-up, very low flow-rates could be obtained during elution 
by splitting the flow from the constant-flow pump before the injector. 
With the option of using the constant-pressure pump directly for high 
pressure runs, this system allowed a wide range of flow-rates to be 
covered. 
Full details of the injector and its operation are given in 
Chapter 5 where experiments to establish how well the injector performs 
in terms of the degree of band broadening it produces, are described. 
4.3.5 Miniature valve injector 
All of the experiments with narrow-bore 
Chapter 6 were performed with a commercially 
valve (Valco). Essentially, the design is a 
four-port valve already described in Section 
which involves using a groove in the valve's 
1/2.i1 injection volume was first outlined by  
acked columns detailed in 
available 1/2.il injection 
modified version of the 
3.3.2. The modification, 
spigot to deliver the 
Scott and Kucera 
In this work, the connection system used to link a column to the 
valve was different to the arrangement described by Scott and Kucera. 
These workers utilized a direct connection technique in which a 1/16" 
(o) Nagretti Zambra (Aviation Ltd) 
Valve Division 	 - 




frit was located in the valve connection port seat and the column 
was butted directly against the frit. This system, although 
undoubtedly giving the lowest extra-column dispersion figures, is 
considered to be unsatisfactory. i.e. Once the fritis in place, it is 
very difficult to remove it without damaging the valve. Consequently, 
in this work, a short length of 1/16" OD, 0.25mm ID stainless steel 
tubing has been used as a direct connection to the valve. It was to 
the end of this tube that the column was attached. Full details of 
the extra-column dispersion this configuration produces are given 
in Chapter 5. 
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5.1 General introduction 
Unfortunately, over the last ten years, advances in extra-
column hardware for liquid chromatography (e.g. sample injection 
and detection systems and column connections) have failed to keep 
pace with column technology. The result has been that many 
chromatographers, having invested in the new column developments, 
are unable to fully realize their potential because the extra-column 
hardware they employ is of inadequate design. i.e. The dispersion 
produced by the extra-column equipment is not insignificant when 
compared to the very narrow chromatographic solute band-widths 
produced by the latest analytical columns packed with 3 and 5im 
diameter material. A good example of this is given in Section 5.2.2. 
Here, the performance of a commercial 3m packed conventional analytical 
column has been compared on both conventional chromatographic hardware 
and miniaturized hardware developed for use with narrow-bore packed 
columns. Chromatograms obtained for each configuration at the same 
flow-rate are given in Figure 5.1. The plate efficiency of the early 
eluting peaks is seen to suffer considerably when the conventional 
extra-column hardware is employed. 
Another example indicating that the extra-column hardware 
presently in use is unsatisfactory is given in Figure 5.2. This is 
an h,v plot obtained with a conventional analytical column (a)using 
typical injector/detector equipment available in most LC laboratories 
(b) 	Note that around the optimum velocity, it is the most strongly 
retained solute, 2,6-dinitrotoluene W= 5) that produces the 
lowest reduced plate height while the near-unretained solute, toluene 
(k' = 0.1) gives a poorer result. According to the theory of 
chromatography (Section 2.4, Equation (47)) the situation should be 
Conventional analytical column - 250mm length, 4.6mm bore 
(stainless steel) packed with Partisil 5 (Whatman Inc., 9 Bridewell 
Place, Clifton, New Jersey 07014) using a stirred reservoir column 
packing technique. 
Details of injector/detector equipment used - Injector:- 
Rheodyne 10i.il loop, Detector:- Pye Unicam LC3 UV photometer equipped 








































0.0 	05 	1.0 	1.5 	2.0 
Inn  
o Toluene 	 k' = 0.12 
O m-Terphenyl 	k' = 0.31 
o Nitrobenzene k' = 1.4 
, 2,6-Dinitrotoluene k' =5.2 
D 
GD 
0 	G 0 cfL1 














Column packed using stirred 
reservoir technique at 6000 psi 










the reverse i.e. the unretained peak should give the lowest reduced 
plate height due to the fact that it will be only very slightly 
influenced by interphase mass transfer. Indeed, this is demonstrated 
in Ficure 5.3 where the same sample is chromatographed using 
miniaturized equipment. This commonly observed effect is a result 
of the narrower, near-unretained solute bands being broadened by 
extra-column dispersion. 
In view of the fact that injector/detector technology should be 
improved, even for use with conventional analytical columns, the 
design of rnirj.aturized injector/detector systems, which have to 
perform to very much more exacting specifications, is obviously a 
difficult task. It is therefore of great importance to be able to 
establish how well new designs perform. In the following experiment-
ation, the performance of both conventional analytical extra-column 
hardware and the newly developed miniature extra-column hardware 
has been studied. 
A key equation in the study of chromatographic band dispersion 
results from the theory of second moments . 
	Since the various 
factors contributing to the final observed peak variance are 
independent of each other, then we may write:- 
2 	 2 	 2 	 2 	 2 
a = Cr + a + a +a 
VObserved 	vColumn 	Vlnj ector 	VDetector 	vFittings 
2 
a 




With a conventional analytical chromatographic system, 
determination of a2 	is a fairly straightforward task. In the 
Extra 
following experimentation two techniques are described. In the first 
one, the dispersion produced by a modular chromatographic system 
employing Shandon column fittings was determined. A special 'zero-
length column' 
2 
 was employed. 	This device is simply a 'blank' 
column i.e. a column with all the necessary fittings to enable its 
connection to the injection head and detector but without a 
ILij • 
fI. 


























o Toluene 	 k 0. 13 
O m-Terphenyl 	k' 0.45 
o Nitrobenzene 	k'= 1.3 
2, 6 -Dini tro toluene W = 4.7 
Commercial column (Phase 
Separations Ltd ) tested with 





cylindrical section to bold the packing material. On injection of 
a solute, the resulting band-width observed will be due entirely to 
extra-column factors. Three injection systems (one syringe and two 
valve) have been compared at a typical analytical flow-rate. The 
relationship between eluent flow-rate and peak variance for syringe 
injection has also been studied. 
With the second technique, the dispersion produced by a 'single-
unit' (c)  chrornatograph popular for routine laboratory analysis was 
established using a comparative technique. This procedure does not 
require a 'zero-length column'. 	Instead, a column, the performance 
of which had previously been established with miniaturized extra-
column hardware and proved to be optimum for the particular particle 
size employed, was placed into the oven unit of the 'single-unit' 
system and retested under identical conditions to those used with the 
miniaturized system. From the change in peak width for a near 
unretained solute on each configuration, the dispersion produced by 
the 'single unit' extra-column hardware can be established. 
The determination of the dispersion produced by miniaturized 
chromatographic hardware is much more difficult. The problem may 
be summarized as follows:- 
1) It is not possible to link the injector directly to the detector 
as was the case with the conventional system. This is because it 
would be very difficult to accurately measure the very low flow-rates 
used (d) 
With a 'single-unit' chromatograph all the necessary equipment 
for chromatography, pump, injector, column and detector is 
packaged in one casing. 
The most popular way used to establish a flow-rate is to weigh 
the eluent issuing from the column in question over a known time 
interval. Clearly, with very low flow-rates this procedure is not 
practicable mainly because of evaporation and the extended time 
period required to collect an adequate weight of eluent. A further 
difficulty results from the miniaturized flow-cell design which 
employs an auxiliary liquid flow. Many problems arise in trying to 
isolate the small column flow-rate from the relatively large 
auxiliary flow. 
The alternative technique of measuring the flow-rate indirectly 
by establishing the time taken for a sample to pass through the 
system requires that the system volume be known. It is considered 
that actually measuring this volume with a'zero-length column' 
arrangement would prove very difficult and any result obtained would 
involve a high error. 
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Unfortunately, as it has not been possible to obtain a narrow-
bore column capable of optimum performance (with the smaller 
diameter packing material) a comparative technique for establishing 
the extra-column dispersion was not possible. 
With the sample-splitter injector system developed, a resistance 
to flow has to be offered somewhere in the system after the injection 
arrangement to allow loading of the sample. Unfortunately, it is not 
possible to place a resistance after the flow-cell because the 
quartz flow cell window seals on the Mkl cell design are not 
capable of withstanding pressure. Any resistance in the system must 
go between the injector and detector which produces the problem of 
how to establish the dispersion this resistance would create. 
The solution to the problems described has been to use a capillary 
glass tube of known length and bore, placed between the injector and 
detector for which the dispersion produced at any particular flow- 
rate can be predicted using the Taylor equation (Section 2.4.5.3, 
Equation (60)). 	If the dispersion due to the glass capillary tube 
is then subtracted from the observed dispersion, the residual 
dispersion will be that due to extra-column factors. The flow-rate 
can be calculated from-the total volume of the apparatus and the 
time elapsed between injection and detection. The length and bore 
of the capillary tube have been calculated to satisfy the following 
requirements:- 
The dispersion produced by the glass capillary must not be so 
large as to make the extra-column dispersion insignificant, 
otherwise a high error will result. 
The capillary tube must allow a suitable flow-rate range to 
be obtained. The range should cover the flow-rates required to 
obtain a reasonable h,v plot for a narrow-bore column (O-lOul s
_l) 
A suitable resistance to flow must be offered to allow injection 
with the sample-splitter injection system. 
The tube must be long enough to prevent timing errors at the 
higher flow-rates. 
The tube must fit quite tightly into the available stainless 
steel tubing used for sleeving the capillary to allow connection 
to the chromatograph. 
5-11 
The calculations involved in selection of a suitable capillary 
tube are set out in Appendix 2.. 
Initially, experiments were performed with a coiled glass 
capillary tube placed between the injector and detector. The 
results obtained were of little use, however, as it was discovered 
that the band-widths produced by the coiled capillary fell far below 
those predicted by the Taylor equation. The explanation of these 
observations is nevertheless interesting and full details of the 
experiment and the results obtained are presented. 
Comprehensive residual band dispersion data was finally estab-
lished as a function of flow-rate by resorting to a long straight 
length of capillary glass tubing placed between the injector and 
detector. With the straight length of tubing, good agreement was 
obtained with the Taylor equation and the relationship between 
and flow-rate has been recorded for a number of miniature 
Resid. 
injector/detector combinations. Some of this data has been 
utilized in Chapter 6 to allow the true performance of narrow-bore 
packed colxnns tested with miniature injector/detector systems to 
be revealed. 
5.2. Determination of the dispersion produced by conventional 
analytical extra-column hardware systems. 
5.2.1 A comparison of the dispersion produced by three injection 
systems with a modular type chromatograph 
5.2.1.1 Experimental 
Three injection systems have been tested using a 'zero-length 
column' configuration. All the experiments were performed 
with the Shandon analytical HPLC column system. A diagram of the 
apparatus used is given in Figure 5.4. The three injectors 
investigated were: - 
1) Syringe injection using the Shandon syringe injection head. 
(Details of this injector are given in Section 3.3.1). 
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Figure 5.4 Details of the apparatus used to 
establish the dispersion produce d 
by conventional HPLC hardware 
Section through centre of apparatus 
Sample syringe 	Feed tube from valve 










Zero - leng,," 
column 










(0.75mm bore). 	 PTFE ferrules 
Flow cell input tube (0.15mm bore) 
Total length of tube 13.7 cm 
8jl flow cell 
Quartz windows 
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Valve injection - Valco CV-6-UHPa N60. 
Valve injection - Rheodyne Model 905-23. 
(Details of valve injection are given in Section 3.3.2). 
The 'zero-length column' attached to the injector of interest was 
linked directly to a standard 8i.il flow cell for UV photometry via 
a drilled-out Swagelok union. The tubing linking the 'zero-
length column' and detector was 0.15mm bore. The total length of 
this tubing used was 137mm. When a valve injection head was employed 
the length of feed tube (0.25mm bore) from the valve to the 'zero-
length column' was kept to a minimum. The length used was 60mm. 
Other hardware used:- 
Constant-flow pump (Applied Chromatography Ltd.) 
Cecil CE212 UV photometer 
Bryans 28000 chart recorder 
The eluent used throughout was methanol/water (60:40) and the 
test standard was anisole in eluent (2640ppm). At the fairly 
typical analytical flow-rate of 1.3cm 3min 1 5 x ½.i1 samples of 
anisole standard were injected using each of the three injection 
(e) 	 2 units 	. The relationship between peak variance (o ) and flow-rate 
has also been established using the syringe injection unit by making 
five replicate injections of anisole standard at five flow-rates over 
the range 0.5 - 2.5cm 3 min- 1 a
-1 
 
5.2.1.2 Calculation of band volumes 
Band-width volumes have been calculated by assuming the peaks 
produced in this experimentation to have a Gaussian profile. Tangents 
have been drawn at the points of inflection and extrapolated to cross 
the baseline. The peak width has been taken to be the distance 
between the two tangent lines at the baseline. These figures have 
been converted to volume units by taking the chart recorder speed 
and flow-rate into account. Flow-rates were established by weighing 
the eluent over a fixed period. The total peak width has been 
(e) Note that when the valve injectors were used, the 10i1 loops were 
only partially filled (i.e. a ½pl sample was injected into the outlet 
end of the loop). 
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assumed to be equivalent to four standard deviations. 
Examples of recorder output from the peak variance versus flow-
rate experimentation are given in Figure 5.5. on examination of 
this figure, it is clear that the Gaussian assumption is not a 
particularly good one as the peaks all exhibit a sharp leading 
edge with a rather slow return to baseline. This is indicative 
of poor washing of dead volumes within the apparatus and is a 
consequence of the design. Because of the rather poor peak shape the 
results are likely to be in error to some extent. With the equipment 
available, however, this problem was unavoidable as the calculation 
of the true second moment of the peaks by manual digitization is 
totally unrealistic (f) 
(f) The most satisfactory way of obtaining the true peak variance 
would be to take the analogue output from the spectrophotometer 
directly to an analogue to digital converter. The output from the 
converter could then be fed to a computer programmed to calculate 
the second moment. Unfortunately, this type of equipment was 
unavailable. 
It is important to realize at this point that most of the peaks 
obtained in the dispersion experiments described in this chapter 
and indeed many of the chromatographic peaks obtained in other 
chapters, do not have Gaussian profiles. This has been shown to 
be the case by simply taking examples of recorder output and manually 
digitizing the peaks to find the true variance. Invariably, on 
comparison of the variance produced by the tangent method (which 
assumes a Gaussian profile) to that given by digitization, a 
considerable discrepancy is noted. 	This observation has a number 
of important consequences. Although peak digitization to find 
the true variance in the present experiment with the zero-length 
column would be acceptable, in later experiments where, in order to 
find the residual dispersion, the theoretical dispersion according 
to the Taylor equation has been subtracted from the observed 
dispersion, difficulties arise. This is because the Taylor theory 
assumes the sample band to be Gaussian. Strictly then the result 
for the residual peak variance obtained by subtraction of Gaussian 
from non-Gaussian will be in error. Unfortunately, there appears 
to be no way round this problem and the results obtained can 
therefore only be used as a guide to the magnitude of the residual 
dispersion. 
The problem described above causes similar difficulties in 
Chapter 6 where dispersion data obtained later in this chapter for 
miniaturized hardware has been used to correct actual chromatographic 
data by using the subtraction method. In this case there is error 
in both the chromatographic peak variance and the residual variance. 
Again, the results can only be used as a rough indication of the 
actual situation. 
I 
Figure 5.5 Exa inpl e s of recorder output from 
zero-length column experiments 
Flow-ra fe 	 Flow-rate 
0.5 cm 3 mi.-1 1.0 cm3min:1 
Band width 	 Band width 
(40-) =17j.il \ 	(4o- ) =21jil 
Flow-rate 	 Flow-rate 
1.5 cm, 3min 2.0 cm  rn/iC1 
Band width 	 Band width 
(4 LT) =25j.il \ 	(4)=29pl 
NOTE - Results shown were obtained using syringe injection 
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5.2.1.3 Discussion of results 
A results summary table is presented in Figure 5.6. On examin-
ation of this table it is clear that the Shandon syringe injection 
system is capable of producing very low dispersion figures indeed 
with mean peak widths (40) being in the region of 17u1. This 
corresponds to a standard deviation roughly equal to half the 
detector cell volume, an unrivaled figure when one compares it to 
the 'zero-length column' dispersion of 30-40l (4o) suggested by 
Knox 
2 
 and 175.tl (4a) proposed by DiCesare, Dong and Ettre . This 
very low dispersion result reflects the high quality design of the 
Shandon extra-column hardware where all unnecessary lengths of tubing 
and dead volumes have been eliminated. 
The results obtained for the two valve units tested were much 
the same with peak widths (4a) in the region of 30il being obtained 
in both cases. This figure corresponds to a standard deviation 
approximately equal to the detector cell volume and agrees more 
closely with the figure suggested by Knox. It is considered that 
the results obtained for the valve units were, to some extent, 
made worse by the use of large volume sample loops (lOi.il) which have 
only been partially filled with sample and the extra feed tubing 
between the valve and the 'zero-length column' arrangement. The use of 
low volume sample loops which have recently become available or a 
specially made valve in which the small volume sample occupies a 
cavity in the central valve rotor would, no doubt, have improved the 
results. It is unlikely, however, that the improved results 
would be as good as those obtained with syringe injection. This is 
because with any valve system, one has the problem of washing the 
sample from the valve along a path which is inevitably quite 
tortuous. Consequently, the band will not be injected as 'cleanly' 
as is possible with syringe. 'Back-cutting' the injection by 
returning the valve to the load position shortly after injection 
has been suggested as a means of improving the injected band profile 
but it is considered that such a technique is hardly reproducible. 
One possibility might be to automate the 'back-cutting' procedure 
which would allow better control. 
The plot of peak variance versus flow-rate for the zero-length 
column configuration operated with the syringe injection system 
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Figure 5.6. Table giving experimentally established peak 
widths for various analytical column injection 
systems with 'zero-length column'. 
Flow-rate 1.3cm min -1 
Peak Mean peak 





Shandon 2 16 
syringe 3 17 17 
injector 4 17 
5 17 
6 32 
Valco 7 36 
valve 8 34 36 
injector g 39 
10 39 
11 28 
Rheodyne 12 33 
valve 13 29 30 




(Figure 5.7) indicates a linear relationship between peak variance 
and flow-rate over the flow-rate range studied. The theoretical line 
reoresented on this plot follows the Taylor equation for a 137mm 
length of 0.15mm bore tube 	. This corresponds to the length of 
tubing between the injector and detector. The discrepancy between 
experiment and theory reflects the dispersion occuring outside the 
tube length. This additional dispersion may, for example, be due to 
the joint between the injector and detector tubes. Dispersion may 
also take place between the point of injection from the syringe into 
the glass beads and the entry to the length of tubing supplying the 
detector. 
5.2.1.4 Summary of conclusions 
The Shandon syringe injection system is particularly well designed 
producing an extra-column contribution to dispersion (4cr) of approx-
imately 17Ml at a flow-rate of 1.3crn 3 min - 1 . 	This corresponds to a 
standard deviation roughly equal to half the detector cell volume 
an unrivalled figure. 
The two valve units tested produced similar, but poorer results 
in comparison to the syringe system. Peak widths (4cr) of approx-
imately 30il being recorded at a flow-rate of 1.3cm3rnin l  corresponding 
to a standard deviation roughly equal to the detector cell volume. 
There is a linear relationship between peak variance and flow-rate 
over a typical analytical flow-rate range. 
(g) Note that the figure of 0.15mm for the bore of the link tubing 
between the injector and detector is a nominal figure and may be subject 
to error. It has not been possible, due to the configuration of the 
devices used, to accurately measure the diameter of the tubing 
by establishing the volume through weighing each piece empty and full 





Figure 5.7 Observed peak variance vs. flow - 
rate plot for zero -lengfh analyt/ca 
column configuration - syringe 
Lniec f ion 
as 	1.0 	15 	2D 	2.5 
3 1 Flow-rate / cm rn/ri 
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5.2.2 An indirect method of obtaining the extra-column dispersion 
produced by a commercial chromatographic system. - A comparison 
of the performance of a 3!im packed conventional analytical 
column operated with:- 
Conventional chromatographic hardware. 
Miniature hardware developed for use with narrow-bore packed 
columns. 
5.2.2.1 	Introduction 
This short experiment reinforces the point made in the introduction 
to this chapter that presently available extra-column hardware for use 
with conventional analytical HPLC columns is unsuitable when employed 
with the latest column technology. Because the 3.im column used in 
this experimentation produced optimum results (reduced plate height 
of two) with the. miniaturized extra-column hardware it has been 
possible to calculate the extra-column dispersion produced by the 
conventional extra-column hardware. 
5.2.2.2 Experimental 
The experiment performed involved a comparison of the efficiencies 
produced by a range of solutes eluting between k'=o.l and 5 from a 31.im 
Spherisorb conventional straight-phase analytical column (h)  (150mm 
length, 4.5mm bore)used with both conventional and miniaturized extra-
column hardware. 
The conventional system consisted of a Perkin-Elmer Series 3 
pump, Rheodyne lOil sampling valve, LC65T detector/oven equipped with 
an 8i.i1 flow cell. All of this equipment is arranged inside a metal 
cabinet forming a single unit. The miniaturized system consisted of 
a Valco ½l injection valve, Mkl flow cell with 115mm length, 0.25mm 
bore PTFE feed tube and li1 cavity piston and modified Cecil CE212 UV 
(h) Phase Separations Ltd., 




photometer (Du Pont Hg lamp used in place of D 2 lamp). P. diagram 
of this system is given in Figure 5.8 along with details of the 
column construction. 
An h,v plot was obtained (see Figure 5.3) 	with the miniature 
extra-column hardware by injecting samples of a standard solution 
at various flow-rates. Duplicate injections were then performed at 
flow-rates of 1 and 2.5cm3min- 
l 
 for comparison with duplicate runs 
using the conventional system at the same flow-rates. The standard 










The eluent used was:- 
Hexane + 1% (v/v) acetonitrile. 
Both solvents were HPLC grade (Rathburn Chemicals Ltd.) 
5.2.2.3 Calculation of the extra-column dispersion produced by a 
Perkin-Elmer chromatograph 
It is clear from the h,v plot obtained for the 3jim Spherisorb 
column operated with miniaturized equipment (Figure 5.3) that the 
column is very well packed indeed. A plate height of approximately 
6im has been recorded for an unretained solute corresponding to a 
reduced plate height of two, the theoretical minimum. It must be 
concluded then that extra-column factors leading to band spreading 
in the miniature system are negligible. Using this fact and the 
plate height figures obtained for the column after duplicate runs 
at two flow-rates on both chromatographic systems (see Figure 5.9) 
it is possible to calculate the extra-column contribution to disper-
sion produced by the Perkin-Elmer instrument. 
Consider the following:- 
The plate number for four solutes covering a range of k' values 
has been obtained for the 3im column operated with miniature equipment. 
(i) This figure (5.3) has already been presented earlier in the text. 
It has been repeated at this point for convenience. 
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Figure 5.8 Conventional analytical column 
operated with miniature extra - 
column hardware - system details 
Sample loading 
loop 
Pressure Stainless><,."N Valco 	1/2jjl 
gauge steel injection valve 
ferrules\ 
tube from valve 
(4 cm length, 0.25mm bore) 
Constant- Phase Separations Ltd. 
flow conventional analytical 
PUMP / F1 column (15cm 	length, 
Stainless 4.5mm bore) - 
steel frits in section 
\IL 




fr/k 1 flow cell 
lj.i I cell volume 
P TEE detector feed 
tube (11.5cm length 

















o Toluene 	 k'=O.13 
m-Terphenyl 	k=O.45 
o Nitrobenzene 	k'=1.3 






Commercial column (Phase 
Separations Ltd.) tested with 
miniature extra - column hardware 




Figure 5.9. A comparison of the performance of a 3jim Spherisorb conventional analytical column operated 
with both conventional and miniature extra-column hardware. 




cm3 min- 1 
NO. 
SOLUTE k' 
Col umn  
k' Nc 
ObS vE VExtra 





Toluene 0.12 16600 15 0.33 5500 980 2.0 67 7.3 x 10 
m-Terphenyl 0.48 21100 19 0.65 6600 1400 30 
1.6 69 1.1 x lO 
1 1. 
Nitrobenzene 1.4 15900 34 1.5 10300 1900 0.87 35 3.6 x 10 
2,6-DNT 5.1 15400 88 4.8 13000 8300  0.34 16 2.4 x lo- 
Toluene 0.12 18600 14 0.38 6000 1000 1.9 68 6.5 x 10 
m-Terphenyl 0.43 22000 17 0.70 7500 1200 28 
1.6 66 8.9 x 10 
2 1 
Nitrobenzene 1.3 16000 33 1.6 10600 2000 0.85 34 3.3 x lO 
2,6-DNT 4.1 16000 72 4.8 14100 7600 0.38 12 1.6 x 10 
Toluene 0.12 17200 15 0.35 5000 1300 2.3 71 7.0 x 10 
m-Terphenyl 0.47 19200 19 0.67 6300 1500 1.8 67 1.2 x 10-4 
 
3 2 
Nitrobenzene 1.4 21200 30 1.6 11200 1900 1.2 47 2.7 x 10 
2,6-DNT 5.1 21000 75 4.8 118400 59001  0.45 12 1.8 x lO 
Toluene 0.12 24200 13 0.35 5000 1300 2.7 79 5.0 x 10 
m-Terphenyl 0.45 22800 18 0.67 5600 1700 35 
1.9 75 9.9 x 10 
4 2 
Nitrobenzene 1.3 21700 28 1.6 11400 1900 1.2 47 
2.4 x lO 
2,6-DNT 4.7 19800 73 4.9 17800 6300 0.48 10 
1.6 x 10 3 
Note: 1) The peak width at baseline was used to calculate the plate number, N. 
2) The differential solvent disturbance peak was not observed in most instances. t values have been 
calculated from the column volume and flow-rate (Flow-rate checked by weighing 	eluent over 
a known period). 
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As extra-column dispersion can be assumed to be negligible, we have, 
from chromatographic theory (Section 2.4.5.1, Equation (52)-
derivative) 
2 
= 	m (1+k')2 
VC.l umn 	N Miniature 
	
where cy 	 peak variance, volume units 
V 	column dead volume 
ra 
phase capacity ratio 
N 	plate number 
Plate number data for four solutes covering a similar range of k' 
values has also been obtained with the commercial system. With this 
instrument, however, the extra-column contribution to the dispersion 
is not insignificant. As a result, the equation for the observed 
peak variance is: - 
Now 
= a 2 	+ 
Vob 	Vcol 	VE 
V 2 (1+k')2 = m cy 
V 
Col Miniature 
Substituting we have 
V 2 (1+k')2 




Note also, however, that 
2 	1 2 V (l+,) 
2 	= 	m (2) 
V N Obs 	Conventional 
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Equation (1) takes the form of a straight line, y = xmc + c. 
Consequently, a plot of a 2 	versus (1+k') 2 
Vob 
iN.. 	will be 2 Mnature 
linear, the intercept yielding a value for a v 
Extra 
a 2 	and (1+k') 2/N 	 data 	is presented in Figure 5.9. Miniature Vob 
Note that 2 	values were calculated using Equation (2) above 
Vob 
(k) using values of V 	, k' and N m Conventional 
As four sets of data were available, a best straight line has 
been fitted to each set of data using the technique of least 
squares. The plot of a2 	versus (1+k') 2N 1 is given in Figure 
Obs 
5.10. The line shown on this plot is a purely arbitrary one. 
The value of a 2 
	
	for each run was calculated separately using 
Extra 
the technique of least squares. 
5.2.2.4 Discussion of results 
On comparing column performance with the two injector/detector 
configurations described (see Figure 5.1 (1),  which is a comparison 
of chromatograms obtained on each system under the same conditions. 
Figure 5.9, a table of the plate numbers obtained with each system 
and Figure 5.11, a graphical representation of the results (plate 
number, N, vs. capacity factor, k')) it is clear that the performance 
of the commercial chromatograph leaves much to be desired. 	Indeed, 
up to 70% of the original number of plates observed with the 
Note here that unfortunately there was a slight discrepancy between 
the sets of k' values obtained with each equipment configuration (see 
Figure 5.9). The k' values obtained with the miniature system were 
used to calculate (1+k')2/N Mini
, while 
2 
 the k' values for the conven-
tional system were used to calculate 0v 	. As the discrepancy is 
Obs 
only slight, only a small error should result. 
The dead volume, V, was calculated from the column dimensions 
assuming a total porosity, 	of 75%. LOt 
(1) This figure was presented earlier in the introduction to this 
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Figure 5. 11 Plot of the number of theoretical plates 
versus the capacity factor obtained 
by the author with a 150 mm length, 
4.5 mm bore conventional analytical 
column packed with 3j..,m particles 
and operated with both conventional 
and miniature ex tra - co/u mn hardware 
0 	1 	2 	3 	4 	5 	6 
Capacity factor, k 
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miniaturized system have been lost for the toluene peak which is 
eluted near the column dead volume. As one would expect, the 
problem becomes less severe for longer retained salutes. 	50% of 
the original number of plates, however, are still being lost at 
k'=1.3, this figure finally falling to the more acceptable value 
of 10% at k' 5. 	Note that across the complete capacity factor 
range examined there is little change in the number of plates 
obtained on the miniature equipment. Only a slight fall-off is 
seen as the capacity factor rises. This fall-off in plate 
efficiency has been discussed earlier in the introduction to this 
chapter and is to be expected. It must be concluded then that 
there would appear to be no advantage in using a 3irn column with 
the Perkin-Elmer chromatograph if one wishes to consider salutes 
eluting before k' = 2. 
It has been calculated that the Perkin-Elmer instrument 
produces a total peak width (4a) of 140.i1 due to extra-column 
factors at a flow-rate of 2cm 3 min - 1 (corresponding to a peak 
variance, 	of 120Ot12 ). 	The Shandon system tested in Section 
5.2.1 using the direct method for determining extra-column 
dispersion employing a 'zero-length column', was found to produce 
a total peak width (4a) of approximately 30t1 at the same flow- 
rate, (corresponding to a peak variance of 531l2). 	The result 
for the Perkin-Elmer instrument is almost five times the figure 
obtained with the Shandon equipment. Indeed, on reviewing published 
dispersion figures for conventional chromatographic systems it would 
appear that the performance of the Shandon hardware is exceptional. 
For example, the figure of 140l(4a) peak width obtained for the 
Perkin-Elmer system is very much in line with results obtained by 
Reese and Scott for three unnamed commercial chromatographs. 
Peak widths (40) in the region of 70 to 16Oii1 were recorded at 
0.5cm3min 1 . 	These figures also agree with a typical instrumental 
dispersion figure of 1751.il (40) suggested by DiCesare, Dong and 
Ettre 3 
The reason for the very poor performance of the commercial 
instruments in comparison to the Shandon equipment is thoughtto be 
due to the very long lengths of connection tubing employed to link 
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the column outlet to the detector 	. 	DiCesare et al suggest 
that in typical conventional LC equipment connection tubes of 
0.38mm bore and lengths in the region of 200-230cm are employed. 
There are essentially two reasons for the use of such long lengths of 
tubing. 	Firstly, due to the 'single-unit' design arrangement of 
most commercial instruments the detector flow cell is placed a 
considerable distance from the column outlet. Secondly, because most 
commercial instruments are fitted with an oven unit which allows the 
column to be heated, effluent leaving the column has to pass through a 
heat exchanger (coiled connection tubing) to allow it to equilibrate 
to detector temperature in order to supress flow noise 	. 	it 
would appear that the only way to overcome the problem is to operate 
commercial chromatographs at room temperature which would allow 
the heat exchanger system to be dispensed with. 	Increased 
temperature has much less effect on retention in LC than it has in 
GC. 	Indeed, columns are usually thermostatted to a) ensure 
reproducible k' values, or b) improve equilibration rate between 
zones or c) reduce eluent viscosity to improve separation speed. 
On reflection then it would appear that the loss of an oven system 
is no great disadvantage. 
It is considered that generally, connection tubing between 
column and detector should be no larger than 0.25mm bore and no 
longer than 100mm. Although these specifications, if adhered to 
would probably prevent loss of plate efficiency, a much more satisfact-
ory way of ensuring that the full performance capabilities of a column 
are realized is to establish experimentally the extra-column dispersion. 
It should be noted that the use of an 8l flow cell to test the 
3i.im column with the Perkin-Elmer instrument is unlikely to be the 
cause of the dispersion problems. The narrowest solute band input to 
the cell assuming no extra-column dispersion and optimum column 
performance is 501.zl, this is very much larger than the cell volume. 
Hearing of this problem of how to supress flow-noise at high column 
operating temperature, one may suggest that the detector system should 
be placed along with the column in the oven unit. This would allow. the 
two units to be placed close together, reducing the length of connection 
tubing required and also overcome the heat exchanger requirement. 
Unfortunately, however, when this is tried it is found that the heat 
exchanger is still required because the temperature of the eluent is 
elevated by frictional heating on passing through the column. 
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By calculating the ratio a 	/a 	, the percentage loss of 
Extra vColumn  
plate efficiency can be established. 	A plot of 
Extra vColumn  
vs. percentage loss in efficiency is presented in Figure 5.12. 
Illustrated on the plot are both the theoretically predicted 
relationship 	and the results from the present experiment which 
can be seen to agree well with the theory. Clearly, if one wishes 
to lose no more than lb% of the number of plates available then the 
ratio a 	/a 	should be no greater than 0.3. i.e. a v v V Extra Column 	 Extra 
should be no greater than 1/3 a  
Column. 
Returning to consider the h,v plot obtained for the 3jim column 
with the miniature extra-column equipment (Figure 5.3), The optimum 
reduced plate height of two is obtained at a reduced velocity of 
three corresponding to an eluent flow-rate of 3cm 3 min 1 . 
Unfortunately, further high velocity data could not be obtained due 
to pressure limitations with the apparatus. Given a higher pressure 
capability, however, very rapid, high efficiency separations are 
possible due to the superior mass transfer properties of the 3im 
material. Perkin-Elmer, recognising this, have recently introduced 
a commercial high-speed liquid chromatograph. Full details of the 
system are given in a book by DiCesare et al . Although some 
very fine high-speed chromatograms are presented, on close examination 
of the book, the newly designed miniature extra-column hardware 
appears to be somewhat less than satisfactory. 	This equipment, 
(o) The theoretical plot was produced from the basic equation 
a2 	= a2 
	
+a v v v 
	
Obs Col 	Extra 
Various values of a 2 	/a2 	were taken and a 2 	was calculated. 
V 
vColumn VobExtra 
The percentage loss of plate efficiency was then calculated using the 
equation: - 
1 % loss of 	
= 100 - a 2 /a 2 	X 100 plate efficiency 	 v1 Vob J 
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Figure 5.12 Plot relating the ratios 	Extra "Co1umn 
and Otra°ump  to the percentage 
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which includes a small volume flow cell (2.44), improved detector 
electronics (low time constant) and a total length of 800mm of 
approximately 0.18mm bore connection tubing, is claimed by DiCesare 
et al to produce an instrumental band width (4a) in the region of 
30-401. In fact, however, calculations based on the data presented 
suggest that the instrumental band width (4a) is closer to lOOi.il 
at 3.5cxn3 min- 1 . 	Note that this figure is similar to that obtained 
for the conventional Perkin-Elmer chromatograph tested in this 
work. A plot taken from DiCesare, Dong and Ettr&s book, of the 
number of theoretical plates versus the capacity factor for a 
(p) A rough idea as to the level of extra-column dispersion produced 
by Perkin-Elmer's high-speed chromatograph can be obtained from the 
data presented by DiCesare et al in their book on page 29. 
For Run A the following plate numbers were observed:- 
= 0.24 	N = 3340 
k' = 6.58 N = 14742 
A 3im, 100 x 4.6mm column was used operated at 3.5cm3min 1 
Taking the plate number obtained at high retention (i.e. at high 
retention the effect of any extra-column contribution to dispersion 
should be minimal) and calculating the plate height, one finds that 
it is 6.8i.irn. One can conclude from this that as the column is 
producing the near optimum plate height for the particle size used, 
it is well packed. 
As the column is well packed, one would expect a similar, if not higher 
number, of plates to be developed at k' = 0.24. This is not the case, 
however, because of the effect of extra-column dispersion. The 
discrepancy in plate number allows a rough idea of the extra-column 
dispersion to be gained. Consider the following:- 
At k' = 0.24, 3340 plates as opposed to the expected = 16600 plates 
are observed. 
The standard deviation of the peak at k' = 0.24 is given by the equation 
V (l+k') = m 
v1 	IN 
As V = 1250i.il, k' = 0.24 and N = 16600, a 	 is calculated to be 124 
Co 1 
(E tot assumed to be 0.75). 
As only 3340 plates are observed at k = 0.24, the observed c value can 
also be calculated using the above equation placing N = 3340. 
Obs 
is calculated to be 284. 2 	2 	2 
.= a + a 
VOb V1 VExtra 
a 	is 244 at 3.5cm mm 
Extra  
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3iim column operated with a high-speed LC system, and similar to that 
already presented in this experiment, is reproduced in Figure 5.13. 
Surprisingly, on examination of this plot, one finds that the 
relationship between N and kt  does not, as expected, follow the form 
of the data obtained for the 31m column and miniaturized equipment 
obtained in this work (Figure 5.11). Instead the data appears to be 
similar to that obtained for the conventional Perkin-Elmer 
chromatograph (Figure 5.11) with a sharp fall-off in plate numbers 
at low M. Again, it appears that the commercial hardware is 
unsatisfactory for operation at low retention. The problem 
undoubtedly arises because of the use of the relatively long length 
(800mm) of connection tubing which includes a heat exchanger. As 
suggested for the conventional Perkin-Elmer instrument earlier, to 
improve performance, the heat exchanger should be removed and the 
system operated at room temperature. 
5.2.2.5 Summary of conclusions 
Extra-column hardware provided with commercial LC equipment is 
very poor. As a result, column performance, especially at lower 
retention, is severely degraded. 
When high performance columns are operated 'with the miniaturized 
equipment developed in this work excellent results are obtained over 
the whole retention range. 
The major cause of the high extra-column dispersion figures 
observed with commercial chromatographs is the long lengths of 
connection tubing used to link the column and detector. Such long 
lengths of tubing are required because in most cases the detector 
is placed at too great a distance from the column and probably more 
importantly, most commercial systems have column ovens which, if 
noise is to be minimized, require the column effluent to pass 
through a heat exchanger before being fed to the detector. Such 
devices should be removed and the column operated at ambient 
temperature. 























Figure 5.13 Plot of the number of theoretical 
plates versus the capacityfactor 
obtained Py _L/ Cesare, Bong and 
Ettre on a Perkin-Elmer high-speed 
LC system operated with a 
conventional 100mm length ,4.6 mm 
bore column packed with 3jjm C 18 
bonded- phase particles 
20 
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Capacity factor, k' 
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plates available then a 	 should be no greater than 1/3 a 
Extra 	 Vci 
5.3 Determination of the dispersion produced by the specially 
designed hardware for use with miniaturized LC systems. 
5.3.1 Introduction 
As already indicated in the General Introduction to this Chapter, 
initial attempts at obtaining dispersion data using a coiled capillary 
glass tube met with some difficulties. Although the results obtained in 
this early experimentation were of little use, they were nevertheless very 
interesting and consequently have been presented, by way of introduction, 
at the outset of this section. Later work, in which a long straight 
length of capillary glass tubing was utilized will then be described. 
In these experiments, comprehensive extra-column dispersion data has been 
obtained over the flow-rate range utilized by miniature chromatographic 
systems. The following hardware configurations have been examined:- 
The sample-splitter injection system and Mkl flow cell with both 
the 1/16" fine gauze and 1/16" frit packing retaining systems and a 
1/16" coarse column topping gauze. 
The Valco 1124 valve injector and Mkl flow cell with a 1/16" 
fine packing retaining gauze and a 1/16" coarse column topping gauze. 
This particular experiment has been repeated twice, the fittings being 
dismantled and reassembled between each batch of experiments to 
establish whether the orientiation of the joints was important. 
The sample-splitter injection system and Mk2 flow cell with and 
without a 1/16" fine packing retaining gauze. 
5.3.2 Dispersion experiments with a coiled capillary glass tube 
5.3.2.1 Experimental 
The injection system used in this experiment was the sample-
splitter injector which was described in Section 4.3.4. Details of 
the hardware used are presented in Figure 5.14 and 5.15. 
Figure 5.14 Details of the hardware used 
with the sample-splitter injection 
system 
Mki 
Figure 5.15 Dispersionexperimen ts with capillarj 
glass tubes - details of the tube 
connections used with the sample- 
m splitter injector & Mk 1 flbw cell 
Feeder tube from Valco injection valve 
(3cm length,, 0.25 mm bore ) 







(lary glass tube 
di te adhesive 
iless steel sleeve 
n tersuk ) 
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PTFE feed tub 
to t'lk 1 flow 
cell (11.5 cm 
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length. 0.25 











apillary glass tube 
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To obtain true extra-column dispersion data, the equipment 
should consist of all essential fittings required to perform 
chromatography with only the column being absent. The stainless 
steel 1/16" gauzes, a coarse one which is located at the head of a 
column and a fine one which is placed at the exit, must therefore 
be included in any dispersion experiment. In the present 
experimentation, these gauzes were placed in a similar environment 
to that encountered in the true chromatographic system, in that 
they were sandwiched inside the two drilled-out Swagelok unions which 
were used to connect the capillary tube to the injector and detector. 
5.3.2.2 Preparation of coiled capillary glass tube 
The tube dimensions chosen (9.3m length, 141im bore) were 
governed by the various factors set out in the introduction to this 
chapter. The tube was prepared from previously washed stock Pyrex 
glass tubing (7 x 1.6mm) using a Shimadzu GDM-lB capillary glass 
drawing machine. The drawn tube was coiled to a diameter of 110mm. 
Approximately 200mm lengths at each end of the coil were straightened 
to allow connection to the chrornatograph. This straightening process 
was performed by feeding the coiled glass capillary into a straight 
length of electrically heated stainless steel tube. 
To facilitate connection of the capillary glass tube to the 
injector and detector, the tube ends were sleeved with stainless 
steel tubing. Details of this sleeving arrangement are given in 
Figure 5.15. Essentially, 40-50mm lengths of 1/16" OD, 0.75mm ID 
stainless steel tube were used. The tube bore was countersunk 
at both ends and a narrow groove. approximately 5mm wide was cut around 
the tube to a depth of 2/1000" - 3/1000". 	This groove- was placed 
5mm from the end of the tube, its function being to allow the PTFE 
ferrule used to seal the joint, a better grip. Araldite adhesive 
was warmed to make it more manageable and spread lightly on the 
ends of the straightened tube sections leaving approximately 20mm 
of glass free from adhesive at the very end of the tubes to prevent 
blockage. The stainless steel sleeves were placed in position 
and moved gently back and forward to ensure a good coating of 
adhesive between the glass and stainless steel and in particular, to 
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penetrate into the countersunk sections of the sleeve tube ends. 
Before the adhesive was completely dry, any excess was removed using 
a razor blade. Finally, when the adhesive had reached full strength, 
the tube ends were ground to a smooth finish on a grinding wheel. 
The resulting cross-section consisted of a centrally placed glass 
capillary totally encased in Araldite adhesive and shrouded in 
stainless steel. The cross-section was then checked under a 
magnifying glass to ensure no pits were present in the surface (q) 
5.3.2.3 Sample injection 
Details of the sample-splitter injector are given in Figures 
5.14 and 5.15. Figure 5.14 gives details of the configuration of 
the hardware involved while Figure 5.15 gives specific internal 
details of the heart of the injector system, a 1/16" drilled-out 
Swagelok union tee. 
The system utilizes two pumps, a constant-flow pump 
(r) 
 to 
provide eluent during sample loading and a constant-pressure pump 
to supply eluent during the elution phase. A standard Valco 2 i.jl 
internal cavity injection valve was used to inject sample into the 
splitter union tee. A small quantity of the injected sample is then 
taken via the collector tube into the capillary. The valves 
connected to the arm of the tee-piece allow control of the loading 
pressure and washing to be achieved. 
Sample injection was effected by activating the Valco valve 
with the constant-pressure pump isolated (Valve A closed) and the 
constant-flow pump delivering lcm 3 min - 1 through needle valve 2 
Note that examination of the cross-sections of the finished 
sleeved capillary tube for pits was most important. The presence of 
depressions in the surface could lead to misleading dispersion data, 
arising from poorly swept dead volumes. 
This was a 75cm3 capacity pump of the screw jack type - Applied 
Chromatography Systems Ltd., Luton, England. Model 750-02. 
This was a prototype dual-piston pressure intensifier - Shandon 
Southern Products Ltd., Runcorn, Cheshire. 
5-42 
(valve C closed, D open) to give a column head pressure of between 
100 and 200psi. After a 5 second pause, valve C which is attached 
to the tee-piece side arm, was opened. This provides a low resistance 
path to waste, consequently, the capillary head pressure quickly 
falls away to atmospheric pressure. During this 5 second period, a 
small quantity of sample is taken on to the top of the capillary. 
After a 2 minute washingperiod, the valves on the tee-piece side arm 
(valves C and D) were closed, the constant-flow pump was stopped 
and the constant-pressure pump was switched into the system by opening 
valve A 
(t). 	
Very low elution flow-rates were achieved by using 
needle valve 1 (valve B open) in combination with the constant- 
flow pump. The three stages of injection are summarized below:- 
Load sample - Column head pressure 100-200psi, 5 seconds. 
Wash splitter free of unwanted sample - 2 minutes. 
Elute at desired pressure. 
The solvent used throughout this experiment was HPLC grade hexane 
(Rathburn chemicals Ltd.) which was degassed by sonication. The 
test solute was a 0.1% (w/v) naphthalene solution in hexane. 
The dispersion produced over a range of flow-rates was recorded 
both with and without the coarse column topping gauze. 
5.3.2.4 Detection 
A modified Cecil CE212 UI! photometer was used to detect the naph-
thalene solution eluting from the capillary tube. 	The spectrometer's 
normal light source, a deuterium lamp, was replaced by a more 
powerful, fixed wavelength (254nm) du Pont penlight source. The Mkl 
miniature 11. 11 flow-cell described in Section 4.2.2 was utilized with 
an 115mm length of 0.25mm bore PTFE feed tube. This feed tube was 
used to sandwich the fine 1/16" stainless steel column terminating 
gauze against the column inside a 1/16" drilled-out Swagelok tee-piece. 
(t) Note that the constant-flow pump had previously been set to the 
desired elution pressure. When valve A was opened, this pressure 
was quickly established. 
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5.3.2.5 Calculation of results 
Examples of recorder output for this experiment are given in 
Figure 5.16. The total peak width at the baseline (assumed equal 
to four standard deviations (4a) has been established by drawing 
tangents on the peaks at the points of inflection 	The 
flow-rate has been calculated by taking account of the total volume 
of the system (i.e. the feed tube to the capillary, the capillary 
tube volume and the detector feed. tube volume) and the time taken 
between injection and the peak maximum concentration. 
Total volume of system 
Flow-rate  
-1 
1.11 s 	 Time taken to traverse system 
S 
Observed dispersion (4a) 	= Flow-rate * Peak width (4a) 
-1 
Ml 	 pis 	 s 
The volume of the capillary tube used was 145i.il (v) while the 
volume of the feed tubes from the injector and to the Mkl flow cell 
totalled 6.3i.il (w) 	All calculations were performed by computer 
and full details of the program used are given in Appendix 3, Section 
A3.2. 	The program also produces theoretical values for the dispersion 
at each particular flow-rate in accordance with the Taylor equation. 
Note that throughout the experimentation, the chart recorder 
speed was chosen so as to give reasonably broad peaks (typically 
20-30mm base width) allowing better accuracy of measurement to 
be obtained. 
The volume of the capillary tube used was established by 
measuring its diameter (optical microscope) and length. 
The extra volume was established by weighing the various 
pieces of tubing both empty and full of water. 
Dead time : 84s 	 CZ 









Both examples given were taken from the 
Qj 
experimental series in which a top gauze 
was present at the head of the capillary 
Dead time : 321s 
Flow-rate 	0.47jj1 s 
Observed peak variance : 66 1.11 2 
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5.3.2.6 Discussion of results 
From the plot of observed peak variance versus flow-rate 
(Figure 5.17) obtained for the 9.3m length, l4l.im bore coiled 
capillary glass tube, it is clear that at higher flow velocities 
(flow-rates greater than 2 iil s 1 ) there is a considerable deviation 
from the Taylor theory. The observed peak variance is far lower 
than that predicted by the theory and this is seen to be the case 
regardless of whether the coarse stainless steel column topping 
gauze is in place or not (x) 
It is considered that this supression of dispersion is due to 
what are termed secondary flow effects. Essentially, when open 
tubes are tightly coiled into helicies, the radial mass transfer in 
the moving liquid is enhanced by radial convection (secondary flow) 
11 
which is the result of centrifugal forces. This subject has been 
studied extensively by Tijssen who has suggested that the 
enhanced mass transfer brought about by secondary flow effects 
may allow the use of open-tubular columns for liquid chromatography 
of larger than optimum bore without loss in performance. The use 
of larger bore columns would ease column construction problems and 
also permit the use of larger detection volumes. Tijssen has 
obtained quite promising results for unretained solutes but 
problems have been experienced with retained samples. Indeed, more 
recently, Tijssen 
6 
 appears to have abandoned the secondary flow 
idea and is now of the opinion that only drastic miniaturization 
will allow the full potential of open-tubular columns to be 
realized. 
According to Tijssen, a deviation from the Taylor theory caused 
by secondary flow effects can be expected once the product of the 
Cx) Note that the reason why the experiment was performed both 
with and without the coarse column topping gauze in place was 
because it was thought that this top gauze may have been causing 
the smaller observed peak variances by creating flow disturbance 
which results in enhanced radial mixing. 
ra 
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chemical engineering parameters De  and Sc ' exceeds 30. 	on 
calculating this product for the open tube used in this experiment, 
a figure of i x 10 
(z)  was obtained which suggests that the column 
configuration and conditions used are suitable for the production 
of secondary flow effects. The results obtained in this work 
have been replotted on a reduced plate height/reduced velocity basis 
in Figure 5.18. On this plot, experimental data obtained by 
Tijssen for a silica ccated-silver HOT column (X=1/40 L=llm, 
r=0.025cm, k=0 Toluene, Mobile phase:Isooctane + 0.1% THF) has been 
represented along with a theoretical equation (aa) developed by 
Tijssen to predict the reduced plate height produced by a helically 
coiled open tube over the intermediate velocity range. 
Chemical engineering terminology. 
De 	= Re 	Dean number A 	= aspect ratio, r/r helix 
Sc 	= v/D 	Schmidt number m v 	= n/p kinematic viscosity 
Re 	= 2r u/v Reynolds number r 	= column radius 
Pe 
r 
= 	(H/4r) 	1  Peclet No. u 	= linear velocity 
based on radius 
= radius of helix rhl. 
A typical linear velocity of lms 1 was taken to calculate this figure. 
(aa) This equation takes the form:- 
1 	= ReSc 3 2 
Pe 	1227 r 
In chemical engineering terminology. When converted to enable 




Now, 	is a friction factor ratio. For coiled tubes, Tijssen has 
f o 
obtained experimental data covering a variety of columns with different 




12 	+ 700 
½   De 	De 3/2 
De, for the capillary used in this experimentation 
value of j is very close to 1 and has therefore 
equation used in Figure 5.18 was therefore: 
= 1 	- 
As the Dean number, 
was quite small,the 
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Although Tijssen's results when compared to the author's data at 
equivalent velocities are considerably better (lower plate height) two 
factors must be borne in mind. The aspect ratios (r/r 	) for the 
helix 	
-2 
two columns are quite different (Author: 1.28xl0 , Tijssen: 2.5x10 ), 
Tijssen's column being very tightly coiled and of larger bore (r helix  
= 1cm, r = 250.im) as opposed to the more loosely coiled, narrower 
bore tube used by the author (r helix = 5cm, r = 70.5n). The higher the 
aspect ratio, the greater is the secondary flow effect. Secondly, 
there is quite a contribution from extra-column effects in the case 
of the author's data. 	This is evident from the considerable 
discrepancy between the Taylor equation and the author's data at 
low velocity. The two sets of experimental data do nevertheless show 
a similar trend at higher velocities. 
The author's data is in poor agreement with Tijssen's proposed 
theoretical equation for intermediate velocities. 
5.3.3. Dispersion experiments performed with a straight length of 
capillary glass tubing 
5.3.3.1 Introduction 
This series of experiments is very similar to the previous 
dispersion experiment which employed a coiled capillary glass tube 
(Section 5.3.2). In the present work, however, the coiled tube 
has been replaced by a straight length of capillary tubing. This 
arrangement, unlike the coiled capillary, was found to give dispersion 
figures in good agreement with the Taylor equation. 
A 2.213m length, 100 + 21.'m (ab) bore straight Pyrex capillary tube 
was prepared from clean stock glass tubing (7mm OD, 2.5mm ID) using a 
(ab) The bore of the capillary tube was established by inserting a 
mercury plug (approximately 400mm length) into the capillary and 
measuring its length at different positions along the length of the 
tube. Finally, the plug was ejected from the capillary and weighed 
on an analytical balance. This procedure was repeated with 5 
different slugs. The + 2im tolerance quoted corresponds to + 2a. 
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Shirnadzu GDM-1B glass drawing machine. The tube dimensions chosen 
allowed the various requirements set out in the introduction to this 
chapter to be fulfilled. (Details of the calculations involved 
in choosing the dimensions are given in Appendix 2). 	The capillary 
has been sleeved with short lengths of stainless steel tubing in a 
similar manner to the procedure outlined in the previous section 
(Section 5.3.2.2) to facilitate connection to the injector and 
detector. 
In the following experiments, strict control of the flow-rate 
was found to be most important. For this reason, the constant-
pressure pump 
(ac) 
 which was used to drive the test solute band 
through the system has been equipped with a number of resistances 
rather than a needle valve (ad) to permit low flow-rates to be 
obtained. 	Two points should be noted here. Firstly, these restrictions 
were only switched into the system when low flow-rates were required (ae) 
Secondly, when a restriction is placed in line with a constant-pressure 
pump, the pump performs in a similar manner to a constant-flow pump, 
i.e. After the pump is activated, the set pressure at the column head 
following the restriction is approached only slowly compared to the 
very quick establishment of pressure before the restriction. This is 
not a problem with the Valco valve injection system which will be 
described, where the flow does not have to be stopped during injection. 
Where problems do arise, however, is with the sample-splitter injector 
which requires total isolation of the eluting flow during sample 
loading. In an effort to ease the problem of slow pressure attainment 
during the initial stages of elution, the constant-flow pump (af)  was 
connected between the restriction and the column head to supplement 
the flow from the constant-pressure pump. This allowed the desired 
elution pressure (and therefore flow-rate) to be reached quickly (in 
about 5.seconds - a time period which is insignificant compared to 
typical elution times). 
(ac) The constant-pressure pump was a home-made air driven pressure 
intensifier designed by Dr. R.A. Wall in Edinburgh. 
(ad) For very accurate work it is considered that a needle valve has 
certain disadvantages. These relate to flow fluctuations particularly 
when first switched in line. 
(ae) Note that constant-pressure pumps do not function reliably at 
pressures under 500psi. 
(af) Applied Chromatography Systems Ltd., Luton, Beds. 
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Very low flow-rates were obtained by using direct gas pressure 
on the éiuent. A heavy solvent reservoir linked directly to a nitrogen 
gas cylinder via a pressure regulator was employed for this purpose. 
As the reservoir was of glass construction, the maximum pressure 
allowable was two atmospheres (= 28psi). 
The solvent used throughout the experimentation was HPLC grade 
hexane (Rathburn Chemicals Ltd.). This was degassed frequently by 
sonic ation. 
Comprehensive dispersion data as a function of flow-rate has been 
obtained over a flow-rate range of 0 -104s 1 for the following 
miniature extra-column hardware configurations:- 
5.3.3.2 Experimental 
5.3.3.2.1 Determination of the dispersion produced by the sample-
splitter injector, Mkl flow cell with both 1/16" stainless 
steel fine gauze and 1/16" stainless steel frit column 
termination methods. 
Diagrams of the equipment used in this experiment are given in 
Figures 5.14 and 5.15. The capillary tube has been terminated at the 
outlet end by both a 1/16" fine stainless steel gauze and 1/16" 
stainless steel frit. Dispersion data has been obtained for both 
configurations. Note that a 1/16" coarse gauze was used at the 
injector end of the system in both experiments. The injector system 
used was the sample-splitter injector while the flow cell was the Mkl 
design equipped with the 115mm length, 0.25im bore PTFE feed tube and 
the lil cavity piston. 
Essentially, the operation of the sample-splitter injector was 
identical to that described for the same system with the coiled 
capillary dispersion tube (Section 5.3.2.3). Initially, a series of 
experiments was performed to establish optimum injection conditions. 
By eluting the sample band at the proposed loading pressure and 
measuring the time taken to the appearance of the peak, it was 
possible to calculate the distance the solute band would move during 
the loading period. With the final conditions chosen (load SOpsi 
for 2 seconds then wash at Opsi for 2 minutes before eluting) it was 
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calculated that the solute band enters the capillary tube to a 
distance corresponding to less than 3% of its length. Note that by 
loading a sample and continually washing, it was possible to 
establish that the flow through the tube during the 2 minute washing 
period was insignificant. The test solute used was a 0.14% (w/v) 
solution of nitrobenzene in hexane. The detection system was as 
described in Section 5.3.2.4. 
5.3.3.2.2 Determination of the dispersion produced by a Valco ½iil 
injection valve and Mkl flow cell with a 1/16" fine 
stainless steel column termination gauze. 
An equipment diagram is presented in Figure 5.19. The use of 
the Valco 	injection valve considerably simplifies the injection 
system. Only one pump is required with this injector and there is 
no need to interrupt the flow to make an injection. By simply turning 
the valve, the eluent is redirected into the ½i.il sample cavity and 
onto the head of the capillary tube. Apart from the injector, the 
rest of the system was identical to that used in the last experiment, 
i.e. the IMkl flow cell was employed with the 115mm length, 0.25mm bore 
PTFE feed tube and liii cavity piston. A coarse 1/16" stainless 
steel gauze was located at the head of the capillary and a fine one 
at the base. 
This particular experiment was performed three times. Each time 
the straight length of glass capillary tubing was completely 
disassembled from the apparatus and the butt joints between the tube 
and the injector and detector were remade to establish whether the 
orientation of the joints themselves affected the dispersion figures. 
The test solute used was a 0.007% (w/v) solution of nitrobenzene in 
hexane. Again, the detection system was as described in Section 
5.3.2.4. 
.1--I-, 
Figure 5.19 Dispersion pyntrimnfc LJil4 
capillary glass tubes -details of 
the tube connections used with 
the 1/2,ul Va/co injection valve 
and Mk  flow cell 
Va/co 112,ul injection valve 
Sect/on through centre 
of apparatus 
Stainless steel ferrule 
















1116 Fine gauze 
•PTFE feed tube 
to Mk 1 flow 
cell (11.5 cm 
0.25rpm bore )-
volume 4.4jjl 
Capillary glass tube 
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5.3.3.2.3 Determination of the dispersion produced by the sample-
splitter injector and Vk2 flow cell both with and without 
a 1/16" fine stainless steel column termination gauze. 
A diagram of the equipment used in this experiment is given in 
Figure 5.20. Essentially, all unnecessary lengths of connection 
tubing have been eliminated to provide what should be the lowest 
extra-column hardware dispersion possible with the equipment currently 
available. The sample-splitter injector was employed, the actual 
sleeved capillary acting as a collector tube. Note that in the 
original injector arrangement, a short length of tubing was employed 
to collect the injected sample and lead it out of the injector onto 
the column. 	This system was employed to allow secure location of 
the column topping gauze. In the present layout there is no 
possibility of retaining the packing material by a gauze. To utilize 
this system with a packed column therefore would require some means of 
blocking the end of the column. A glass sinter or plug of glass 
wool could be used for example. 
The Mk2 detector flow cell allows entry of the 1/16" OD sleeved 
capillary to the base of the top piston. Only a 1mm length, 0.25mm 
bore aperture remains between the capillary outlet and the l.il flow 
channel. This cell was used in conjunction with a modified Cecil 
CE212 UV photometer (see Section 5.3.2.4). 
The method of injection employed was similar to the techniques 
used where the sample-splitter has been utilized in previous 
experiments described in this chapter. The best results were obtained 
when sample loading was performed at 50psi with a 2 second loading 
time. 	After release of the head pressure, the injection system was 
washed for two minutes before elution. Note that as in previous 
experiments with the sample-splitter injector, the sample loading 
conditions were chosen to ensure that the injected sample plug traversed 
an insignificant distance down the capillary tube during sample 
loading and washing. 
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Figure 5.20 Dispersion experiments with 
capillary, glass tubes 
— details of 
the tube connections used with 
the sample-splitter injector and 
Mk 2 flow cell 
Section through centre 
of apparatus 
Feeder tube from Valco 
injection valve (3cm length, JCapillary glass tube 
0.25mm bore) '777,71 
' - 	- 
bore )  
 '4 





 IPAo Sleeved glass - - 	 Jused EI,7ji,ijii,jj7777I 
No 11 , 	directly 1 10A 
Mk  flow cell 
Araldite 	 JV11 top piston 
adhesive 
Stainless steel sleeve 
Capillary glass tube 
I 
Feed tube to flow channel 
('4mm length, 0.25 mm bore) 
5-56 
5.3.3.3 Calculation of results 
The dispersion data has been calculated in a similar manner 
to that described for the coiled capillary tube experiment (see 
Section 5.3.2.5). The results have been presented as plots of 
versus flow-rate. N.E. a 	 is the dispersion 
VRes idual 	 VResidual 
remaining after the dispersion produced by the capillary tube (pre-
dicted using the Taylor equation) has been subtracted 
2 	 2 	 2 
VResidual 	VObserved 	Vcapillary  
Again, the flow-rate was established from the total volume of the 
system and the time taken for the solute band to arrive at the 
detector. Details of any additional volumes included in the 
calculation are given in the apparatus diagrams for each experiment. 
All calculations were performed by computer. Details of the 
program are presented and explained in Appendix 3, Section A3.2. 
The solid lines drawn to fit the data in Figures 5.21-5.24 
have been produced by utilizing a least squares approximation 
technique. All the relationships have been fitted using a poly -
nomial function. Again, these calculations have been performed by 
computer and in this case the data has been plotted by machine. 
Details of the programs used are given, in Appendix 3, Section A3.3. 
Figure 5.25 presents the coefficients of the polynomial functions 
fitting the c 	/flow-rate data for the following equipment 
Residual 
arrangements: - 
Split-flow injector, Mid flow cell and gauze column termination 
(Figure 5.21). 
Split-flow injector, Mkl flow cell and frit column termination 
(Figure 5.21). 
Valco ½4 injection valve, Mkl flow cell and gauze column 
termination. (Series 3 - Figure 5.22). 
These equations will be used to interpolate residual dispersion data 
from flow-rates used in actual chromatographic experiments in 
Chapter 6. 
x a) Fine gauze termination 
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Coefficients of the polynomial functions fitting 
VR s idua 1 
flow-rate data. 
Equation of a polynomial 
y = A 
o 
 +A 1 x + A 
2 
 x2+Ax3+ 
1) Split-flow injector , Mkl flow cell and gauze column termination 
(Figure 5.21). 
Polynomial degree 3 
Coefficients A 0.347 x 100 
0 
1 
A1 0.104 x 10 
A2 -0.827 x 10_i 
_2 A3 0.211 x 10 
2) Split-flow injector, Iflc1 flow cell and frit column termination 
(Figure 5.21). 
Polynomial degree 4 
Coefficients A 0.584 x 
10  
0 
A1 0.132 x 10 
A2 -0.182 x 100 
1 A3 0.113 x 10 
A4 -0.249 x 10 
3) Valco ½1 injection valve, Mkl flow cell and gauze column 
termination (series 3 - Figure 5.22). 
Polynomial degree 7 
Coefficients 	A 0.273 x 100 
101 A1 0.291 x 
A2 -0.657 x 10 
A3 0.727 x 10 
A4 -0.411 x 10 
A5 0.106 x 10 
-0.457 x 106 A6 
A7 -0.191 x io 
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Note 
The polynomial functions listed above where chosen because they give 
a reasonably smooth fit to the data. The procedure used in 
fitting these functions was to gradually increase the degree until 
a smooth, good fit was obtained. This task was simplified 
considerably by using interactive computer graphics programs which 
allowed the plot of data and polynomial function to be displayed 
on a cathode ray tube of a computer graphics terminal. 
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5.3.3.4 Discussion of results 
The comparison of the dispersion produced by the 1/16" fine 
stainless steel gauze and 1/16" stainless steel frit with the 
sample-splitter injector and Mkl flow cell has shown that the fine 
gauze performs slightly better than the frit at lower flow-rates 
but generally the performance of the two column termination 
techniques is similar (see Figure 5.21). 
The series of experiments with the Valco ½.i1 injection valve 
and Mkl flow cell where the connections between the injector and 
detector were dismantled and reassembled between each series of runs 
has shown that the orientation of the butt joint in this particular 
case is not important. The excellent reproducibility obtained is 
illustrated in Figure 5.22. It must be noted, however, that the 
results obtained with the Valco ½.il injection valve are poor in 
comparison to the results obtained with the sample-splitter injector. 
(N.B. Only the injector system has been changed in these two 
experiments, the system configuration was identical). 
The modified sample-splitter injector (with the sleeved capillary 
tube acting as a sample collector as opposed to the short length of 
stainless steel tubing which has generally been used) with the Mk2 
ll flow cell produced the best results of all the configurations 
tested (see Figure 5.23) . 	The inclusion of a 1/16" fine stainless 
steel gauze at the detection end of the equipment was found to make 
little difference to the dispersion figures. It is considered that 
the superior results obtained are a consequence of eliminating the 
PTFE feed tube used with the Mkl flow cell. 
Generally, three types of C 2 	/flow-rate relationships have 
Residual 
been obtained. These are compared in Figure 5.24. This plot 
clearly indicates the advantage of the sample-splitter injector 
and the improved Mk2 flow cell and also the rather poor performance 
of the Valco ½'1i1 valve compared to the sample-splitter injector. 
At the typical narrow-bore packed column flow-rate of 0.51 s 1, 
extra-column dispersion expressed as total peak width (4a) for the 
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three systems is as follows:- 
4a/.jl 
Valco ½l valve + Mkl flow cell 	5.2 
Sample-splitter injector + 
Mkl flow cell 	 3.6 
Sample-splitter injector + 
Mk2 flow cell 	 1.8 
The total peak width figure of 1.8.il obtained for the sample-splitter 
injector and Mk2 flow cell is only about twice the value calculated 
for ideal plug flow (a = cell volume/ /12) and compares favourably 
with values at least ten times the ideal value for conventional 
injector/detector systems using 8i.il flow cells at 151.il S 1 . 
As expected, elimination of all unnecessary volumes in the 
extra-column equipment has produced the best results. In addition, 
a suspicion, which arose after experience with conventional analytical 
valves, that the miniature Valco ½i'l injection valve would prove to be 
inferior to the sample-splitter injector system has been confirmed. 
Essentially, as already mentioned in Section 5.2.1.4, due to the 
very nature of the valve design, washing the sample cleanly from 
the valve is a problem which leads to poor performance. 
The errors arising from flow-rate estimation in these experiments 
are reasonably small. It has been calculated that at the highest 
flow-rate, the error is in the region of 10% while at the lower 
flow-rates, the error decreases to around 0.1%. 	The error at high 
flow—rates is due to timing inaccuracies while at lower flow-rates 
the error is due to uncertainties in the diameter of the straight 
capillary dispersion tube. 
The form of the three types of a 	 /flow-rate relationships 
Residual 
is interesting. Only in the case of the sample-splitter injector and 
Mk2 flow cell is a linear relationship observed over the complete 
flow-rate range studied. The data for the Valco ½i.il valve and Mkl 
flow-cell and sample-splitter injector and Mkl flow-cell, although 
linear at low flow-rates, flattens to a plateau at higher flow-rates. 
It is considered that this flattening out, marking a deviation from 
the Taylor theory, is a result of flow disturbance or turbulance 
at higher flow-rates which leads to reduced band widths. 	Of the two 
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configurations, the data for the valve system appears to flatten 
out most rapidly. This is as one would expect in view of the system 
construction. 'The sample-splitter injector and Mkl flow cell 
system data flattens out much more gently, reflecting the more direct 
nature of a split-sample injection. In view of the fact that a 
linear relationship is observed with the sample-splitter injection and 
1Mk2 flow cell, it appears that the joint between the dispersion tube 
and the Mkl PTFE flow cell feed tube may be responsible for flow 
disturbance leading to subdued dispersion. 
Examples of recorder output obtained with each configuration are 
presented in Figures 5.26 - 5.28. Generally, peak shape appears to 
be quite reasonable. Indeed, many so called 'acceptable' chromatographic 
peaks are more poorly shaped. It should be noted, however, that after 
digitizing a typical peak, the peak variance was found to be considerably 
different from the value obtained by assuming a Gaussian profile and 
drawing tangents. The points made in Footnote (f) should be borne in 
mind. 
5.3.3.5 Summary of conclusions 
The fine gauze column termination method appears to function slightly 
better than the frit. 
The sample-splitter injector produces much lower dispersion than 
the Valvo ½il valve. 
Elimination of all unnecessary dead volumes is the key to low 
dispersion data. 
5.4 General conclusion and discussion. 
Two techniques have been described for estimating the extra-column 
disperson produced by conventional analytical liquid chromatographs. In 
comparison to published data, the figures obtained with syringe injection 
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width at base (4o) of 17'41 being obtained at a flow-rate of 
1.3cm3min 1 . The single-unit Pérkin-Elmer instrument produced very 
much poorer results which were in line with data published for 
similar instruments in the literature. A total peak width at base 
(4o) of 140il at a flow-rate of 2cm 3min 1 was recorded. 
It would appear that most commercially available liquid 
chromatographs are of poor design as regards the elimination of extra-
column volumes between injector and detector. Consequently, these 
instruments do not allow the full potential of the latest column 
developments (namely 3jim packed columns) to be fully realized. 
Certainly the modular type system, which allows greater flexibility 
in the placing of the injector and detector, is to be preferred. 
With such a system, the injector and detector can be placed as close to the 
column as possible, eliminating the necessity of long lengths of 
connection tubing which often have to be used in the single-unit systems. 
Techniques have been perfected in this work which allow the 
extra-column dispersion produced by the newly developed miniature 
extra-column hardware (for use with narrow-bore packed columns) to 
be established over a wide flow-rate range. Various equipment 
configurations have been tested and comprehensive extra-column 
dispersion data has been recorded. Some of this data will be used 
in Chapter 6 to allow the true performance of the narrow-bore packed 
columns tested, to be revealed. 
As expected, equipment configurations having the smallest 
extra-column volume, performed best. The Mkl flow cell for example, 
which is equipped with a length of PTFE feed tubing to carry the 
solutes from the column to the flow channel, caused a considerable 
amount of dispersion. On replacement of the splitter injector by 
the Valco ½4 injection valve a further substantial increase in 
dispersion was produced. 	The best equipment configuration tested 
produced a total peak width (4o) of 1.8l at a flow-rate of 0.5ls 1 . 
Given the comprehensive range of dispersion data available, a 
good way of illustrating the performance capability of the extra-
column equipment is to look at the effect the dispersion data for 
each equipment configuration has on a narrow-bore packed column 
capable of optimum performance. 
5-70 
A computer program has been written (see Appendix 3, Section A3.4) 
which produces reduced plate height/reduced velocity data according to 
the semi-empirical Knox equation:- 
= h 	+ A') 
1/3
+ C'.) 
Having input the values of the parameters A, B and C (i.e. for optimum 
performance A=l, 3=2 and C=O.l) to the program, the extra-column 
dispersion contribution to the plate height is added to the plate height 
for the column, after column details have been supplied. A computer 
graphics program has also been written (see Appendix 3, Section A3.3) to 
allow presentation of the results in the form of an h,v plot. Six 
plots have been produced and are given in Figures 5.29-5.34. Only two 
equipment configurations have been considered, these were: the 
sample-splitter injector and Mkl flow cell, and the Valco 
miniature injection valve and Mkl flow cell. 
The effect of:- 
Changing the diameter of the packing material (Figures 5.29 & 5.30). 
Changing the diameter of the column (Figure 5.31 & 5.32). 
Changing the column length (Figures 5.33 & 5.34). 
has been examined for each configuration, retaining a basic ½m length, 
1mm bore, 5i.im diameter column format throughout. 
Examination of the various plots reveals how inadequate the 
performance of both hardware configurations is when a column capable of 
optimum performance is encountered. In almost all cases, a considerable 
discrepancy is observed between the situation with and without extra-
column effects which increases as the column length, bore and particle 
size decrease. It must be remembered, however, that the worst 
situation has been presented in that an unretained solute has been 
considered, whereas with retention, the situation would improve. 
It is considered that the use of the Mk2 flow cell in place of the 
Mkl flow cell would considerably improve the situation. Unfortunately, 
this improved design only became available towards the end of the 
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6.1 General introduction 
It is clear from published experimental data that the preparation 
of narrow-bore packed columns, particularly with the smaller 5 and 
lOm packing material, to yield the optimum reduced plate height 
of two particle diameters is a very difficult task indeed. This 
shortfall in performance may be the result of either one or both 
of the following factors:- 
Poor extra-column hardware which produces considerable spreading 
of the very narrow solute bands generated by a small particle 
narrow-bore packed column. 
Poor column packing which results in a high A term 
(a) 
 in the 
semi-empirical plate height equation:- 
h = Av1'13 +B/v+Cv 
In the following series of column packing experiments it has been 
possible to avoid any ambiguity that may have otherwise arisen 
regarding the degree to which each of the foregoing factors is 
responsible for poor chromatographic performance. Previous work, 
(Section 5.3.3) in which the dispersion produced by the extra-
column hardware used in this experimentation was recorded as a 
function of flow-rate, has allowed the true performance of each 
column tested to be revealed. This was achieved by simply subtracting 
the extra-column dispersion from the observed dispersion. Details 
of this procedure will be given later in this chapter. 
Packed columns for liquid chromatography, of any type, may 
suffer from poor packing due to a number of reasons. As we have 
already seen in Chapter 3 a common problem is the production of an 
inhomogeneous column cross-section due to particle fractionation. 
This usually occurs during the period between the packing slurry 
(a) A high A term reflects large velocity variations within the 
streaming part of the mobile phase which are caused by packing 
inhomogeneities. (see Section 2.4.1.2). 
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reservoir being loaded and the slurry being driven home into the 
column. A number of techniques have been tried in an effort to 
overcome this problem. Suspending the material to be packed in a 
liquid of similar density, for example, has been effective in 
restricting sedimentation. This technique is known as balanced 
density slurry packing. Although popular for a while, the method 
now appears to be out of favour due to the generally high toxicity 
of the solvents employed. An alternative approach has been to allow 
some means of agitating the slurry of packing material in a suitable 
solvent during the time it is in the packing reservoir. 
Magnetically stirred reservoirs are now commercially available for 
this purpose. This widely used equipment is relatively simple 
to operate and with it, even the most inexperienced chromatographers 




 has noted that the permeability of a chromatography 
column may vary along its length. This situation results in poor 
column performance. It is suggested that the permeability problem 
arises as a result of the use of constant pressure packing techniques 
where the linear flow velocity of the slurry grows less as the packed 
bed builds up. A bed formed under these conditions exhibits a 
difference between the interstitial porosity at the top and bottom 
of the column. Kucera has demonstrated this problem by packing and 
testing a lm length, 1mm bore narrow-bore packed column and then 
dividing it into two sections of equal length. The bottom part of 
the column was then retested. This shorter length column produced 
much improved results compared to the original lm length column. 
It appears that above a certain column length, the plate height can 
no longer be assumed to be independent of column length. Majors 2 
has also noted this effect for columns of larger bore. A solution 
to this problem has not been found. Many workers studying narrow-bore 
packed columns pack short length columns and then, after testing, join 
these lengths together to form a column with sufficient plates to 
solve the analytical problem 	
. 
(b) Note that it is possible to join narrow-bore packed columns 
together and achieve a linear increase in column efficiency. With 
conventional analytical columns this is difficult if not impossible. 
This point has been demonstrated by Kucera and Manius 3. 
Another cause of poor chromatographic results is the so called 
'wall effect'. 	Unfortunately, very little quantitative data is 
available on this subject. The problem arises because the geometry 
of the packing material is disturbed by the walls of the column. 
It has been shown by Knox et al 	that if a solute is allowed to 
penetrate into this wall region, then poor column performance 
results. The solution to the problem has been the introduction of 
the 'infinite diameter column'. 	With this arrangement, the column 
is designed to be sufficiently wide to allow a solute band to pass 
the entire length of the bed of column packing material without 
penetrating into the wall region. It was concluded that for a 
column diameter to particle diameter ratio (did) of = 200, the 
wall region extended for = 30 particle diameters from the wall. 
This work was performed with syringe injection which is now rarely 
used. Most chromatographic systems now utilize high pressure sampling 
valves to effect injection. These valves generally inject the sample 
as a narrow plug across the whole of the column cross-section. 
Consequently, if there is a region of poor packing near the walls of 
a column, the efficiencies produced by a sampling valve will be much 
poorer than those obtainable with syringe injection (provided, of 
course, the column is of infinite diameter). With improved packing 
techniques, however, manufacturers claim to be able to produce columns 
which perform almost as well with valve as with syringe injection. 
Unfortunately these techniques, for obvious reasons, are kept secret. 
Scott and Kucera , in some of their earliest work on narrow-
bore packed columns, reported that it appeared to be easier to prepare 
lm length, 1mm bore stainless steel columns with 20pm packing 
material (giving did = 50) than it was to pack the 10pm (d/dl00) 
and 5pm (d/d = 200) material into columns of the same bore. A 
very high pressure packing technique (25,000psi) was used in this 
work. Areportby Dewaele and Verzele 
6 
 reached similar conclusions 
although lm length, 2mm bore columns were used. Again, very high 
packing pressures (16,500psi) were utilized. These workers reported 
that better columns were produced if the column length was reduced 
to 25cm. As already indicated earlier, Kucera 	has also reported 
that column performance is improved when shorter columns are used. 
The optimum reduced plate height of two particle diameters was obtained 
with a 25cm length, 1mm bore stainless steel column packed with 
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10pm material at 25,000psi using a 55% cyclohexanol in methylene 
chloride slurry. More recently, Kucera and Manius have achieved 
the optimum reduced plate height with 8pm material packed into a 
50cm length, 1mm bore column with a slightly modified (unpublished) 
packing technique. 
109, Recent work by Yang 
7 
 and Takeuchi and Ishii 8, 
	
has 
concentrated on the use of much narrower bore (typically . 0.5mm) 
columns. Yang has obtained a reduced plate height of 3 for a 45cm 
length, 0.3mm bore fused silica column packed with 3pm material 
(did = 100). 	Unfortunately, no details of the packing technique 
are given other than that it was of the slurry type. Takeuchi and 
Ishii 8, after examining the effect of column material on performance 
of very short (3-20cm length) narrow (0.25-0.5mm bore) columns have 
concluded that the best performance was offered by Pyrex glass 
columns. In view of the fact that smooth-walled column material 
appeared to produce better results, Takeuchi and Ishii have packed 
51im material into 0.25mm bore fused silica columns (d/d p = 50) in 
lengths of up to 80cm. Best results were obtained for the shorter 
length columns (typically 30cm in length) for which reduced plate 
heights in the 2.6-2.8 region have been recorded. A slurry technique 
was used for column packing. The packing material, however, appears 
to have been loaded at low pressure by feeding it slowly into the 
column using a small pump, a technique which was used to pack the very 
early PTFE narrow-bore packed columns which the Japanese developed 13 
In a later paper, Takeuchi and Ishii 
10
have coupled together 
several fused silica 20cm length, 0.25-0.35mm bore columns packed 
with 5pm material to obtain very high plate numbers. 
It appears that both the ratio of column bore to particle size, 
the column material used and the packing procedure may be important 
factors in obtaining satisfactory results particularly with the smaller 
packing materials in narrow-bore packed columns. In the following 
experimentation, which is divided into two sections, some of the var-
iables associated with the production of narrow-bore packed columns 
have been investigated. The first section of the work presented 
deals with the packing of glass particles, while in the second 
section, silica gel has been used. 
6.2 Narrow-bore columns packed with glass particles 
6.2.1 Introduction 
The use of glass particles for column packing experiments 
provides a convenient way of studying the A term in the semi-
empirical plate height equation:- 
h 	AV 1/3 + B/v + cv 
As the particles are totally impervious and have no retentive capacity, 
there is no mass transfer term (C term) to take into consideration. 
Consequently, the plate height equation may be reduced to:- 
h = AV 
1/3 
+ B/v 
With such a simplified relationship, some feeling for the magnitude 
of the A term, reflecting how well a column is packed can be quickly 
established from an h,v plot by simply observing the position of the 
optimum reduced plate height. This is illustrated in Figure 6.1 
where the equation h = AV 1/3 + 2/v has been plotted for different 
A values (NB - B term assumed to be 2). 
A number of fairly low pressure (c)  (1500psi) packing techniques 
for glass particles have been investigated. The most successful was 
a liquid paraffin slurry technique. Lighter slurry techniques 
employing isopropyl alcohol and glycerol/methanol as slurry liquids 
were tried in an attempt to speed up the packing procedure but they 
proved to be unsuccessful presumably because they allowed particle 
fractionation to take place before the column was packed. 
(c) Note that the reason for the use, in this section of work, of 
such a relatively low packing pressure was essentially because a 
number of rather fragile column materials were tested. The column 
connection system for glass columns for example, required the use of 
PTFE ferrules while brass ferrules were used for Nylon columns. It 
was found that beyond a pressure of 1500psi both jointing systems 
became liable to rupture. Therefore to retain standardization, 
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Three types of glass particles have been used in the experiment-
ation: - 
 Glass beads - 	 wide-cut fraction 10-30i.iin diameter 
 Glass beads - 	 narrow-cut fraction = 20im diameter 
 Glass chips - 	 wide-cut fraction 10-30pm diameter 
As particle fractionation was suspected of being one of the main factors 
contributing to narrow-bore column packing problems, a comparison 
of both wide and narrow-cut glass bead fractions has been made. It 
was considered that a very narrow-cut bead fraction may ease any 
particle fractionation problems producing a more homogeneously packed 
column. Also, in view of the fact that the choice of column material 
and particle type may be important in the sression of wall effects, 
both spherical and chipped material have been compared in a variety 
of column materials, these include stainless steel, glass, glass-
lined stainless steel (d)  and Nylon. It was thought that the use of 
Nylon tubing as a column material for example, may be particularly 
beneficial in avoiding wall effects. As the material has a certain 
flexibility, it may not act as such a rigid barrier, confining the 
particles in the wall region to a particular geometry as for example, 
a glass or stainless steel column must do. The Nylon material may 
allow the particles of packing material a certain degree of penetration 
into its surface thus minimizing any disturbance caused to the packing 
structure. 
(d) The reason why both glass and glass-lined stainless steel columns 
have been examined was that initially, only the glass tubing prepared 
in the laboratory using the glass drawing machine was available. The 
inside surfaces of this tube were later examined under an electron 
microscope and were found to have glass chips embedded in the surface 
(see the electron micrograph of the tube walls Figure 6.23). When 
samples of glass-lined stainless steel were obtained, the experiments 
with the glass tube were repeated to ensure that the chipped material 
embedded in the wall surface did not lead to a change in performance. 
Glass-lined stainless steel tubing is to be preferred as it has 
the advantage of superior strength which makes it easier to handle 
and allows columns to be packed at far higher pressures compared to 
the laboratory prepared glass columns. 
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6.2.2 Experimental 
6.2.2.1 Hydraulic fractionation of glass particles 
Lead glass beads (e)  were hydraulically fractionated in water 
to produce two batches. A narrow-cut batch with d = 20pm and a 
wide-cut batch with a p = 10-30iim. Calculations were performed using 
Stokes Law 	to establish the terminal velocities of the bead sizes 
of interest. The time required for each particular bead size to fall 
a distance of 10cm was then calculated. 
Details of the fractionating apparatus are given in Figure 6.2. 
A two-litre stoppered glass bottle was used as a fractionating vessel. 
This was filled with water to a point 10cm from its base. The glass 
beads and water were then shaken vigorously and allowed to settle. 
After the predetermined time (calculated above) had elapsed from the 
point at which the shaking had ceased, all the material that had not 
settled was removed by inserting a long glass tube attached to a 
vacuum pump to the base of the bottle 	. This procedure was 
repeated approximately 20 times for each particular 'cut' taken to 
ensure that a clean separation was achieved. In the preparation of 
the wide-cut 10-30pm bead fraction for example, initially, all the 
material smaller than loinn was removed, then, the fraction required 
was obtained by removing all the material smaller than 30m. On 
isolation, the batch was divided into two portions. One portion 
was dried and stored for experimentation while tl other was 
fractionated further in a similar manner to the procedure described 
above to give a narrow fraction at 20i.im i.e. After removing all 
material less than 19m all the material less than 21im was removed. 
English Glass Company Ltd., 
Scudamore Road, Leicester. LE3 lUG. 
The terminal velocity of a particle falling through a medium is 
given by Stoke's Law 	2 
2g a (d1 - d2 ) 
V = 
911 
where:- a - Sphere radius/cm; d - Sphere density (2.6gcm 3 ); 
- Medium density (lgcm 3 ); n - Medium viscosity (0.01 
poise); g - Acceleration due to gravity (9. Sms 2); 
V - Terminal velocity/cms 1 . 
Note that the end of the withdrawal tube had been formed into a 
U shape so as to draw material from above rather than draw settled 
material from the base of the bottle. 
tQ 
Cz 
lb Fractionating Neoprene tubing link 
ferial suspended  C. 










2 litre Buchner flask 
Glass tube used 
to remove fractic 
required 
Vacuum 
line (to water 
pump) 
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Pyrex glass chips were produced by grinding Pyrex glass in a 
ball mill. After cleaning, the resulting powder was hydraulically 
fractionated to give a 10-30irn cut 
6.2.2.2 Batch specifications 
Histograms (Figure 6.3) and electron micrographs (Figure 6.4) 
of the two glass bead fractions are presented. The mean diameter 
for the beads in these two batches has been obtained from the 
electron micrographs 
Wide-cut glass bead fraction (10-30.im diameter) Mean d = 211.jm 
0 = 6 1.im 
Narrow-cut glass bead fraction (20m diameter) Mean d = 26km 
0 = 3irn 
Wide-cut glass chip fraction (10-301.lm diameter) Mean particle size 
assumed to be 20m 
6.2.2.3 Column Materials 
The following column materials have been examined:- 
Stainless steel column 
Inside diameter : 0.90mm 
Outside diameter : 1/16" 
Length 	 : 501mm 
The glass chips have been assumed to be spherical to obtain 
their terminal velocities from Stoke's Law. For future calculations 
involving the diameter of the chipped particles, the hydraulic 
diameter (assumed to be 20.un) will be used. 
Note that approximately 180 beads from each fraction were 
measured in order to establish the mean particle size. Note also 
that the dark band appearing in the bottom right-hand corner of the 
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Pyrex glass column 
Inside diameter 	: 0.70mm 
Outside diameter : 0.8mm 
Length 	 : 553mm 
This column was prepared by drawing down straight lengths of Pyrex 
tubing using a Shimadzu GDM-1B glass drawing machine. To facilitate 
connection to the chromatograph, the ends of the glass tube were sleeved 
with sections of 1/16" OD, 1mm ID stainless steel tubing using Araldite 
adhesive. Details of this sleeving technique have already been presented 
(see Figure 5.15). 
Glass-lined stainless steel tubing - SGE 
Inside diameter 	0.67mm 
Outside diameter : 1/16t 
Length 	 : 600mm 
Nylon tubing 
Inside diameter 	: 0.95mm 
Outside diameter : 1/16" 
Length 	 : 550mm 
Note that the same stainless steel, glass and glass-lined stainless 
steel tubes were used throughout the glass bead experiments. New 
Nylon tubes had to be prepared for each column, however 	The 
column internal diameters quoted were obtained by weighing the 
tubes empty and filled with water. The dimensions given for the 
Nylon columns are nominal ones. The true dimensions for each column 
can be obtained by consulting the results summary table (Figure 6.9). 





The reason for changing the Nylon tubing for each column relates 
to a point made in the introduction i.e. It was thought that during 
packing, the Nylon tubing may deform to accommodate the packing 
material. 
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6.2.2.4 Details of column connections and methods of column 
termination 
A diagram giving details of the column connections and methods 
of column termination used in this experimentation is given in 
Figure 6.5. Two column termination techniques have been used. 
In the early experimentation, a 1/16" diameter stainless steel frit 
tightly located inside a 1/16" drilled-out Swagelok union was 
employed (Figure 6.5 [B] ) while in later work, a 1/16" diameter 
fine stainless steel gauze sandwiched between the end of the column 
and the back-up tube inside a drilled-out 1/16" Swagelok union 
was utilized (Figure 6.5 [a] ). 	It has been shown earlier 
(Section 5.3.3.2.1) that the dispersion produced by both configurations 
is similar. The fine stainless steel gauze is to be preferred, 
however, as it appears to be less prone to blockage. PTFE ferrules 
were used throughout to secure a seal between column and fittings 
with the exception of the Nylon columns where brass ferrules had 
to be employed in order to obtain sufficient grip on the smooth 
tubing. 
The packing material at the top of the column was retained by 
a coarse 1/16" stainless steel gauze. This was sandwiched between 
the column and the 1/16" OD, 0.25mm ID collector tube which feeds 
sample from the splitter tee to the column. A 1/16" drilled-out 
Swagelok union was used to link the column and collector tube 
together. 
6.2.2.5 Column packing protocols 
6.2.2.5.1 Liquid paraffin slurry - downward pack 
A diagram of the slurry packing reservoir used with all the 
glass bead packing experiments is given in Figure 6.6. 	Essentially, 
the reservoir was constructed from 1/4" OD, 5mm ID stainless steel 
tubing (90mm length). For this particular slurry technique, the 
column was connected directly to the reservoir via a 1/4" to 1/16" 
drilled-out Swagelok reducing union. The column was arranged to 







1116M Swagelok All unions shown are 
(drilled -out) 
NOTE- Top section of (8) 
identical to (A) 
Collector tube 
from splitter tee 
'length 4 cm , bore 0.25mm) 
1/16" coarse column topping gauze 
v short section 
H - of column shown 





E feed tube 
1k 1 flow cell 
gth 11.5cm 
'e 0.25mm) 
Figure 6.5 Narrow-bore packed columns - 
details of column connections and 
methods of column termination 
Section through centre of column and fittings 
Figure 6.6 Details of slurry reservoir used 
with narrow - bore packed column.5 
Standard 1/4h1_  1116  




one - piece ferrules 
1/4" 00. , 5mm LB. 
stainless steel tube 
(90mm length) 
1/4" - 1116" reducing 
union (drilled-out 
Column penetrates 
to base of 
Column reservoir 
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constant-pressure pump (1)  was linked to the other end of the 
reservoir again using a 1/4" to 1/16" reducing union. 
The slurry used consisted of enough packing material to fill 
the column 1½ times, this was dispersed by sonication (5 minutes) 
in 2cm3 of liquid paraffin. The slurry was placed into the reservoir 
by means of a short Pasteur pipette. The system was then sealed as 
quickly as possible and hexane at a pressure of 1500psi was applied 
to the reservoir to drive the slurry downwards into the column. 
With this technique, columns packed fairly quickly (1-2 seconds) but 
unfortunately, displacement of the liquid paraffin took a considerable 
length of time. 
Where very poor columns have been produced by this technique, 
they have been repacked and tested to check the result. Columns 
that have performed very well have been repacked using one of the 
following lighter slurry techniques to establish whether it was 
possible to reduce the length of time taken for packing yet still 
obtain satisfactory results. 
6.2.2.5.2 Isopropyl alcohol slurry - downward pack 
This packing technique was very similar to that described for 
the liquid paraffin slurry, however, as the considerably less 
viscous slurry liquid isopropyl alcohol was used, the slurry reservoir 
(Figure 6.6) was placed below the level of the top of the column 
to prevent slurry entering the column before the pressure was applied. 
This was achieved by taking a length of 1mm bore (1/16" OD) stainless 
steel tubing from the bottom of the reservoir to the column placed 
above the reservoir. 
Again, the slurry consisted of enough packing material to fill 
the column 1½ times in 2cm 3 of isopropyl alcohol. The slurry was 
sonicated for 5 minutes before loading. Isopropyl alcohol was used 
to pressurize the reservoir, the packing pressure was 1500psi. Note 
(1) This was a prototype high-flow constant-pressure pump which was 
built by Shandon Southern Products Ltd., Runcorn, Cheshire, but 
was never marketed. 
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that in order to reduce particle sedimentation, every effort was made 
to minimize the time taken to fill the reservoir with slurry and seal 
the system ready for the application of pressure. 
6.2.2.5.3 Isopropyl alcohol slurry - upward pack 
Bristow et al 	after studying the packing of analytical 
columns, reported that with upward packing, the surface of the bed of 
packing material builds-up horizontally as opposed to the situation 
with downward packing, where the bed becomes domed as the flow 
velocity falls away. 	The result is that one tends to get a more 
homogeneous column cross-section with an upward packing technique. 
Knox 
12 
 has reported similar findings. It is stated that analytical 
columns packed in the upward direction tend to give better results 
with valve injection. Again, it was thought that upward packing 
restricts particle sedimentation and trans-column fractionation to 
produce a more uniform column cross-section. In view of these 
observations it was considered that the packing of miniature columns 
may benefit from the use of an upward slurry technique. 
The slurry reservoir outlined in Figure 6.6 was used, however, 
with this technique, the column was allowed to pass through the slurry 
reservoir terminating approximately 1cm short of the top (see Figure 6.7). 
The reservoir was filled from the top with a previously sonicated 
(5 minutes) isopropyl alcohol slurry containing 1½ times the volume 
of packing material required to fill the column. After sealing, the 
reservoir was inverted and isopropyl alcohol was applied to the 
slurry at a pressure of 1500psi. Again, as a relatively low viscosity 
slurry liquid was utilized, the time taken to load and seal the reservoir 
was minimized. 
6.2.2.5.4 25% (v/v) Glycerol in methanol slurry - upward pack 
This intermediate viscosity slurry was used with the upward 
packing technique already described for the isopropyl alcohol slurry 
(Section 6.2.2.5.3). 	Glycerol in methanol was used in an effort to 
reduce the rate of particle sedimentation before packing. It was also 
thought that a polar slurry may be advantageous in that it should 
prevent particle agglomeration. As with the previous slurry techniques 
nsifier 
Column inside reservoir 
Drilled-out 
reducing un 
Reservoir in loac 
orientation 
Figure 6.7 Slurry reservoir configuration for 
upward packing of narrow-bore 
columns 
Feed tube from pressure 
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described, 1½ times the volume of packing material required to fill 
the column was taken-up in 2cm of slurry liquid. After sonication 
for a 5 minute period, the slurry was placed into the reservoir and 
driven into the column using isopropyl alcohol at lSOOpsi. 
6.2.2.6 Column testing 
6.2.2.6.1 Sample injection 
A sample-splitter injection system was used to test the glass 
particle columns. Operational details of the system have already 
been outlined in Section 5.3.2.3. 	Figure 6.8 gives details of the 
splitter union tee. This figure should be referred to instead of 
Figure 5.15 in Section 5.3.2.3. 
Summary of injection conditions. 
Load sample - column head pressure 100-200psi, 5 seconds. 
Wash splitter free of unwanted sample - 2 minutes. 
Elute at desired pressure. 
The solvent used throughout the glass particle experiments was 
HPLC grade hexane (Rathburn Chemicals Ltd.) which was degassed by 
sonication. The test solute was 0.1% (w/v) naphthalene in hexane. 
6.2.2.6.2 Detection 
As for Section 5.3.2.4. 
6.2.3 Discussion of results 
Details of each column tested along with a performance summary 
is presented in Figure 6.9. 	h,v plots have been constructed for each 
column (m)  and are presented in Figures 6.10-6.12 and 6.15-6.22. 
(m) All the data required to produce the h,v plots was generated by 
computer from the raw results. Indeed, the program developed also 
provided other important chromatographic data such as k', 	flow- 
rate and E values. An interactive computer graphics program has been 
used to draw the h,v plots. Details of these programs are given in 
Appendix 3, Section A3.5. 
1/16 Union tee. 
Collector tube 






Figure 6.8 Internal detail of the splitter 
union tee 
Section through centre of union tee 
Column Column Packing Material Packing Technique Column Column Total Column Column Comments and Column Grading 
Type Diameter Length Porosity Resistance Dead Scale(1-5) 
mm is E Parameter Volume tot 






10-3011m glass beads Liquid paraffin 
0.90 0.501 
0.37 530 120 Good (1) 
N l0-3Opm glass beads Liquid paraffin 0.43 450 140 Repeat column C- Fair (3) 
Q 10-3Opm glass beads IPA-downward pack 
0.51 330 160 Very poor (5) 
2Opm glass beads Liquid paraffin 0.45 780 140 Good (1) 
11 10-30pm glass chips Liquid paraffin 0.53 530 
170 poor (4) 
0 10-3Opm glass chips Liquid paraffin 0.58 510 
180 Repeat column H- poor (4) 
10-3Opm glass beads Liquid paraffin 
0.70 0.553 
0.44 510 94 Fair 	(3) 
P 10-30pm glass beads Liquid paraffin 0.48 380 
100 Repeat column B- Good (2) 
2Opm glass beads Liquid paraffin 0.47 690 100 Fair (3) 









10-3Opm glass beads Liquid paraffin 
0.67 0.600 
0.49 370 10) Good (2) 
N 2Opm glass beads Liquid paraffin 0.51 
540 110 Similar Results to col. L Good (2) 
K 10-3Opm glass chips Liquid paraffin 0.57 
460 120 Good (1) 
R 10-3Opm glass chips IPA-upward pack 0.54 
510 110 Results better than col. Q Fair (3) 
10-30pm glass chips IPA-downward pack 0.54 470 110 Very Poor (5) 	 - 
T 10-30pm glass chips 25% Glycerol/NeoN-upward pack I 0.58 410 120 Similar Results to col. R Fair (3) 
C 
. 






0.41 500 160 Good (1) 
G 2Opm glass beads 
- 
Liquid paraffin 0.45 550 170 Similar results to col. 	I Fair (3) 
10-3Opm glass chips Liquid paraffin 0.49 610 200 Fair 	(3) 
* Indicates columns terminated by 1/16" stainless steel frit. All other columns terminated by fine 1/16" gauze. 
Note: All columns packed at 1500psi 	 -8 2 -1 












(0) Column resistance parameter quoted is average of five runs at different pressures. 
Q 
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Generally, the data presented is corrected chromatographic data 
which has been obtained from the observed data (i.e. results derived 
directly from the recorder output) by subtracting the dispersion 
(n) produced by extra-column effects from the observed results 
Throughout the glass particle experiments the influence of extra-
column dispersion on column performance was minimal, the majority 
of columns examined producing very similar observed and corrected 
data. This point is illustrated in Figure 6.10 where results for 
a column of fairly typical performance (Column G) are presented. 
The contribution from extra-column factors was, as expected, most 
marked when a column performed particularly well. Examples of this 
are presented in Figure 6.11 and 6.12 where the results for Columns 
K and F respectively are presented. Examples of typical recorder 
output for the glass bead experiments are given in Figure 6.13, 
(both traces presented are for Column K) while Figure 6.14 gives 
a summary of chromatographic parameters covering a range of 
velocities for Column K. 
(n) Again, these calculations have been performed by computer and 
full details of the techniques and programs used are given in Appendix 
3, Section A3.5. 	To summarize, however:- 
It has already been pointed out (Section 5.1) that the various factors 
contributing to the observed peak variance may, according to the theory 
of second moments, be considered independently. In this case, 
the observable peak variance, may be said to conose:- 
Obs 
2 	2 	 2 a = a + a 
vOb VColumn 	VExtra...column factors 
	
Now, as the relationship between a 2 	 and the 
Extra-column factors 
eluent flow-rate has been established experimentally for the injector/ 
detector system used in this experiment (see Section 5.3.3.2.1) the 
peak variance due to the column alone may be obtained at any flow-
rate by subtraction:- 
2 	 2 	2 a = Cr - a 
VColumn 	Vob Extra-column  factors 
20 
Figure 6. 10 	A comparison of observed and corrected h,' data 
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750 psi Elution pressure: 
Column dead volume 



























Column K - Glass lined stainless steel column packed with 
10-30 um glass chips using the liquid paraffin slurry 
Solvent 	: 	Hexane 
UV monitor : 254 n 
Elution pressure : 	220 psi 
Column dead volume 
displaced in 	152s 
Figure 6.14. Table of chromatographic parameters covering a range of velocities for a glass particle 
column - column K 
Note: Only a small number of the results obtained are listed below. 
D for naphthalene in hexane taken to be 0.34 x 10 8m2s 1 
t 
m H Flow-rate 











260 13 240 2.5 8.2 78,000 Observed 
1 15 2,300 
76 3.8  1.3  6,600 Corrected 
250 13 120 2.5 3.9 73,000 Observed 
2 31 2,400 
120 5.9  1.7  16,000 Corrected 
160 8.0 44 2.0 1.5 29,000 Observed 
3 80 3,800 
88 4.4  1.4  8,900 Corrected 
86 4.3 11 1.4 0.37 8,400 Observed 
4 330 7,000 
56 2.8  1.2  3,600 Corrected 
5 960 8,300 
72 3.6 3.7 1.3 0.13 6,000 Observed 
52 2.6  1.1  3,100 Corrected 
50 2.5 1.7 1.1 0.06 2,900 Observed 
6 2,100 12,000 
33 1.7  0.89  1,300 Corrected 
57 2.8 1.1 1.2 0.04 3,700 Observed 
7 3,100 1 1 ,000 
__  ____________ 41 2.0  1.0 1,900 Corrected 
TS SS3TUTS P9UTI-99tB 9tl-4 4TM U0T31 dTqD SST5 n-3pTM 
'enbti 	A.xnis TOOT IModosT p1Mdn aT44 74qTm 	(S UWttTOD) 
uanTOD T994s SSTUTS pUTT-SSTb 9LI4 0UT pa)pd S2M U0fl313 
dTTD SS[5 .nD-epTM 9744 UM 9nbTUT40a4 S714 T44Tm puqo  OSTP  exa 
s4Tnsaa boa 	(Z5 uwnTo) peepu-r sqTnsex iood /iei pertpoid uoTi; 
paq SST5 nD-apTM atlq tp papd uumTOO T3s SSeTU-S aq 
'9nBTUqDe 5UTDd pimutop pup 1ciinis TOT400TV  TAdoldosT 
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Figure 6.17 Column packingreproducibility tests - h,V data for two 
glass columns packed with the wide-cut glass bead 
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Figure 6.19 Acomparisonofh,S) data obtained for each packing 
materialtypewiththeglasscolumn - liquid paraffin 
slurry 
o Column I wide-cut glass chips 
O Column B wide-cut glass beads 
o Column E narrow-cut glass beads 
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Figure 6.20 A comparison of h,S) data obtained for each packing 
material type with the glass-lined s.st eel column - liquid 
paraffin slurry 
O Column K wide-cut glass chips 
O Column L wide -cut glass beads 
o Column N narrow - cut glass beads 
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column (Column R) produced a slightly improved but nevertheless 
comparatively poor performance. 
The final packing technique tested, the 25% (v/v) Glycerol in 
methanol - upward pack used with the wide-cut glass chip fraction and 
glass-lined stainless steel column (Column T) produced results very 
similar to the isopropyl alcohol - upward slurry used to pack 
Column R. 	Of all the slurry packing techniques tested, the liquid 
paraffin slurry was found to produce the best results. It is considered 
that the high viscosity of this slurry as opposed to the very much 
less viscous isopropyl alcohol and Glycerol/methanol slurries 
considerably inhibits particle sedimentation before column loading, 
resulting in more homogeneously packed columns. The reproducibility 
of the liquid paraffin slurry technique may also be attributed to 
the low sedimentation rate in this viscous slurry, i.e. with lighter 
slurries, the rate of sedimentation is higher and, as the time taken 
to fill the reservoir and apply the packing pressure will vary 
slightly, one would expect this variation in delay to become 
increasingly important in these cases. 
The use of very narrow-cut packing material gave no advantages, 
both wide and narrow-cut glass bead fractions yielding similar results. 
It is considered that it should be possible to produce better results 
if a sufficiently narrow-cut is obtained. Unfortunately, however, 
as the histograms of the glass bead size distributions indicate, 
(Figure 6.3) even after repeated fractionation, a considerable range 
of particle sizes still remains. It is clearly a difficult task 
to produce a suitably homogeneous fraction. 
The observation that chipped material gives slightly better 
results with smooth-walled columns (i.e. glass and glass-lined tubes - 
see electron micrograph of the glass column surface - Figure 6.23) 
than spherical particles may be the result of the chipped material 
being able to accommodate the restriction on packing geometry imposed 
by the smooth column wall better than the spherical material. The 
success of the rough-walled stainless steel column (see the electron 
micrograph - Figure 6.24)/spherical particle combination is difficult 
to explain, however, Intuitively, it is not easy to see why spherical 
particles should pack into rough-walled tubing better than chipped 
particles. 
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Figure 6.23 Electron micrograph of the interna 
surface of a sample of glass tubing 
x 1400 
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Figure 6.24 Electron micrographs of the interria 
surface of a sample of stainless 
steel tubing 
[A] General view of tube wall surface x 100 
moor 
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[B] Tube wall under high magnification x 700 
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A very good column resulted from the combination of the 10-30',.im 
glass bead fraction with the Nylon tubing (Column F - Figure 6.12) 
packed using the liquid paraffin slurry. The other Nylon columns 
tested also produced reasonable results. The surprising result of 
a good column arising from a combination of spherical packing and 
smooth-walled Nylon tubing (see electron micrograph of Nylon tube 
surface - Figure 6.25) may, as explained earlier in the introduction, 
be the result of better packing in the wall region achieved because 
of the flexibility of the column material. The particles near the 
column wall being able to penetrate some distance into the column 
material resulting in a more homogeneous packing geometry than 
would be the case with a more rigid wall, i.e. with a glass column 
for example. It would appear, however, that any penetration of 
particles into the column wall is only slight as no plastic 
deformation of the nylon is visible in the electron micrographs of a 
piece of used column material (see Figure 6.26). This observation is 
reinforced by the fact that there was no change in the outside 
diameter of the Nylon columns observed when measured before and after 
packing. 
Generally, most of the glass bead columns produced in this work 
were of fairly poor performance resulting in there being little 
difference in the observed and corrected chromatographic data. With 
the comprehensive residual variance/flow-rate data obtained in 
Chapter 5 for the extra-column hardware utilized in this experiment 
it is possible to predict the observed h,v relationship should a 
column capable of optimum performance be encountered. Figure 6.27 is
1/3 
such an h,v plot. The theoretical equation h = v 	 + 2/v for a 
good quality column, i.e. A = l,has been represented along with the 
relationship which results when the extra-column dispersion data 
obtained in Chapter 5 has been added. It is clear that had a very 
good quality column been encountered, without the extra-column 
dispersion information, the observed h,v relationship would have 
suggested a much poorer result. Clearly, this type of experiment 
with glass beads, where chromatographic bands are very narrow due to 
the lack of a mass transfer term, is the most stringent test of 
extra-column hardware. The calculations required to produce the 
h,v plot presented were performed by computer. Details of the 
programs used are given in Appendix 3, Section A3.4. 
6-45 
Figure 6.25 Electron micrographs of a sample 
of unused nylon column tubing 








Figure 6.26 Electron micro graphs of a sample 
of used nylon column tubing 
[A] General view of used tube wall surface 	x 50 
[B] Used tube surface under high magnification x790( 
.: 
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6.3 Narrow-bore columns packed with silica particles 
6. 3 .1 Introduction 
Although adsorption chromatography is one of the most demanding 
modes of liquid chromatography with regard to both column activation 
and equilibration, it is this mode that has been chosen for the 
column packing and testing experiments described in the present 
section. The alternative reversed-phase mode was considered to be 
unsuitable for such a fundamental study in view of the problems that 
are often encountered with bed shrinkage when packing hydrophobic 
material into analytical columns. 
A number of low pressure slurry techniques for packing silica 
gel into narrow-bore columns have been examined. 	0.5m length, 1mm bore 
stainless steel tubes were packed at 1500psi with the large particle 
irregular silica gel Partisil 20. 	The slurry techniques used 
include: - 
A liquid paraffin slurry identical to that used for the glass 
particle packing experiments. 
An upward packing technique using a methanol slurry. This was 
an adaptation of a standard packing method used for straight-phase 
analytical columns. 
An upward packing technique using a balanced density (MeI/MeOH) 
slurry. 
In view of the conclusions drawn from the glass particle 
experiments concerning the superior performance obtained from 
irregular packing material in combination with smooth-walled columns, 
short, 0.3m length, 0.7mm bore glass-lined stainless steel columns 
were packed at intermediate pressure (6000psi) with both 51Jm chipped 
and spherical material using a methanol slurry to establish whether 
any difference in performance between the two materials is observable 
when higher packing pressures are used. 
As the glass particle column packing experiments also indicated 
that particle fractionation before packing is undoubtedly a serious 
problem, a stirred reservoir packing technique has been adapted for 
use with narrow-bore packed columns. Using this equipment, 0.5m length 
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1mm bore stainless steel columns have been packed at intermediate 
pressures (60psi) with 51.m irregular material. 
It appears from the literature, that in order to obtain 
satisfactory results from narrow-bore columns, very high packing 
pressures have to be employed. In view of this, the effect of packing 
pressure on column performance has been investigated. Small particle 
irregular and spherical material has been packed into 0.5m length, 1mm 
bore stainless steel columns using a light slurry. 
Finally, a brief study of narrow-bore column performance at 
various dc/dp ratios has been made. The packing techniques and 
experiments outlined above will now be described in detail along with 
the apparatus used. 
6.3.2 Experimental 
6.3.2.1 Details of column connections and method of column termination 
The column connections used throughout the narrow-bore silica 
packed column experiments were identical to those described for the 
glass particle packing experiments (Section 6.2.2.4). 	Note, however, 
that stainless steel ferrules were used on all unions when pressures 
above 2000psi were employed. Fine gauzes were used throughout to 
terminate columns. 
6.3.2.2 Packing protocols for narrow-bore silica columns 
6.3.2.2.1 Low pressure techniques 
6.3.2.2.1.1 Liquid paraffin slurry - downward pack 
Essentially, the procedure and apparatus used to pack two 
duplicate columns with this packing technique is identical to that used 
with the glass bead experiments (Section 6.2.2.5.1). Partisil 20, 
(20iim irregular silica gel) was hydraulically fractionated in a 
similar manner to that described for the glass bead experiments 
(Section 6.2.2.1) to remove fines. A 10-30m fraction was isolated, 
the mean particle size will be assumed to be 20m. 
Again, as with the glass bead packing experiments, enough 
silica to fill the column 1½ times was taken up in 2cm 3 of liquid 
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paraffin. After sonication for a 5 minute period, the slurry was 
transferred to the same 1/41t  stainless steel reservoir used for the 
glass bead experiments (Figure 6.6) using a short Pasteur pipette. 
After sealing the reservoir, the slurry was driven downwards into the 
column by hexane at a pressure of lSOOpsi. The columns used were 
straight, 0.5m lengths of 1mm bore stainless steel tubing. 
6.3.2.2.1.2 Methanol slurry - upward pack 
A single, 0.5m length, 1mm bore stainless steel column has been 
packed with the fractionated Partisil 20 (10-30um cut - irregular silica 
gel) using this technique. Essentially, the packing method and 
apparatus used were identical to that used for the glass particle 
packing experiments (Isopropyl alcohol slurry-upward pack 
Section 6.2.2.5.3). As for all the slurries described in these 
experiments, 1½ times the volume of silica required to fill the 
column was taken up in 2cm3 of methanol and after sonication (5 
minutes) the slurry was transferred to the reservoir. With the 
system sealed, the column and reservoir were inverted and methanol at 
1500psi was used to drive the slurry into the column. After passage 
of approximately 10cm3 of methanol, the system was reinverted and 
isopropyl alcohol followed by hexane was flushed through the system. 
6.3.2.2.1.3 Balanced density (MeI/MeOH) slurry - upward pack 
Duplicate 0.5m length, 1mm bore stainless steel columns have 
been packed with fractionated Partisil 20 (10-30i.im cut) using a 
balanced density, upward packing technique. 	Again, both the 
apparatus and procedure were identical to that used for the glass 
particle packing experiments (Isopropyl alcohol slurry - upward pack, 
Section 6.2.2.5.3). 	1½ times the volume of packing material required 
was taken up in 2cm 3 of methyl iodide/methanol (9:1). After sonication, 
(5 minutes) the slurry was transferred to the reservoir using a short 
Pasteur pipette. Once the reservoir had been sealed, both column and 
reservoir were inverted and the slurry was driven into the column at 
iSOOpsi using methanol. 10cm3 of methanol was allowed to flow through 
the packed bed before the apparatus was reinverted. Isopropyl alcohol 
followed by the hexane eluent was then flushed through the system 
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before the column was removed from the packing reservoir. 
6.3.2.2.2. Intermediate pressure packing techniques 
6 . 3 . 2.2.2.1 CC1 4 and MeOH slurries, stirred reservoir - upward pack 
A commercial stirred reservoir system for packing analytical 
columns (Micromeritics Corp.) was adapted to allow narrow-bore columns 
to be packed. Details of the apparatus used are given in Figure 6.28. 
The reservoir had a capacity of 35cm 3 . 	A magnetic stirrer was placed 
at the base of the reservoir to allow agitation of the slurry. The 
removable lid of the reservoir had two 1/16" diameter access holes. 
The solvent supply from the pressure-intensifier (Haskel (p) - Model 
DSTV122) was fed into one of these inlets via a 0.25mm bore tube while 
a short length of 1/16" OD, 0.75mm ID stainless steel tube was 
secured into the other. It was to the end of this tube that the narrow-
bore column was connected via a drilled-out 1/16" Swagelok union. 
After packing, this short length of tubing serves as a protective length 
of packed bed which is preferentially disturbed should rapid depressur-
ization of the system occur. This allows the main bed to survive 
intact. 
Unfortunately, as the stirred reservoir was designed for packing 
analytical columns, much more packing material than was required to 
fill the narrow-bore columns had to be used in order to obtain a 
suitable slurry 	. A slurry concentration of 1.7g of packing 
material to 35 cm  of slurry liquid was found to be ideal for a 0.5m 
length, 1mm bore column. 
Haskel Engineering and Supply Co., 
100 East Graham Place, 
Burbank, 
California 91502. 
Very dilute slurries were tested but proved unsuccessful, i.e. 
columns were found to be empty after packing procedure. 
Figure 6.28 Details of the stirred reservoir 
column packing apparatus 
Section through centre of reservoir 
Outlet Peed 











A Partisil 20 and two Partisil 5 0.5m length, 1mm bore columns 
have been prepared with the stirred reservoir technique. The 
Partisil 20 column was packed using MeOH as the slurry liquid while 
carbon tetrachloride was used with the Partisil 5 columns 	. The 
two Partisil 5 columns have been tested independently and then linked 
together and retested. 
Packing was achieved by pouring the slurry, which had previously 
been sonicated for 5 minutes into the reservoir and, as quickly as 
possible securing the lid and starting the magnetic stirrer, 6000psi 
was then applied to the system using methanol as driving solvent. 
After 10cm3 of methanol had been pumped through the packed bed, the 
stirred reservoir was isolated from the high pressure pump and 
allowed to stand until the pressure in the reservoir had fallen 
away. The column was then removed and conditioned with eluent while 
the excess packing material remaining in the reservoir was reclaimed. 
6.3.2.2.2.2 Methanol slurry - downward pack 
Both 5m Hypersil and 5m Partisil material have been packed into 
0.3m length, 0.7mm bore glass-lined stainless steel columns at 
6000psi. The reservoir used for the glass particle packing 
experiments (Figure 6.6) was employed in combination with a Shandon 
analytical column packing pun (Shandon Southern Products Ltd.). 
As the columns were packed downwards, the slurry had to be prevented 
from entering the column before the pressure was applied. Where the 
downward packing technique was used in the glass particle packing 
experiments, the reservoir was placed below the level of the column 
and a feed tube was used to make the connection (see Section 
6.2.2.5.2). With the present packing technique, an alternative method 
of preventing the slurry entering the column before packing was used. 
The column was connected directly to the reservoir, however, a 1/16" 
Swagelok end cap was fitted to the gauze - retaining tube at the 
bottom of the column. Before packing, the column was filled with 
methanol and any air trapped in the system was bled out by adjusting 
(r) Both slurry liquids are thought to be satisfactory for packing 
silica gel with the stirred reservoir equipment. 
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the tightness of the end cap. 
1 1i times the volume of packing material required to fill the 
column was dispersed by sonication (5 minutes) in 2cm3 of methanol. 
The slurry was then transferred by Pasteur pipette to the reservoir. 
With the reservoir sealed, the end cap was removed from the gauze-
retaining tube and methanol at a pressure of 6000psi was released to 
the reservoir. After approximately 10cm 3 of methanol had been pumped 
through the packed bed, isopropyl alcohol and then hexane were pumped 
for a short period before the column was disconnected from the 
reservoir (s) 
6.3.2.2.3 Very high pressure column packing experiments 
6.3.2.2.3.1 Pressure variation experiments 
Carbon tetrachloride slurry - downward pack 
4 
0.5m lenghts of 1mm bore stainless steel tubing have been packed 
at very high pressures (12,000 and 25,000psi) with both 5 and 10.nn 
irregular and spherical packing materials (Partisil and Hypersil). 
A reservoir very similar to that employed for the glass particle 
experiments (Figure 6.6 ) was used to hold the slurry before packing. 
Note that the reservoir constructed for these very high pressure 
packing experiments, although of a similar capacity to the reservoir 
detailed in Figure 6.6, the tubing used was heavier walled and high 
pressure Sno-trik (t)  fittings were employed to allow connection to 
the high pressure valve and pump (Haskel DSX HT 602). 
This procedure was adopted to minimize the possibility of bed 
shrinkage during column conditioning on the chromatogra.ph. Note 
that in some of the packing techniques described it has not been 
possible to adhere to this method. 
Sno-trick Company, 




The columns were packed downwards. 0.5g of packing material to 
2cm3 of carbon tetrachloride was found to give a satisfactory slurry. 
Again, before packing, to prevent slurry entering a column before 
the application of pressure, it was filled with carbon tetrachloride 
using a 1/16" Swagelok end cap on the gauze retaining tube 
(u) 
 to 
seal the column. The slurry, after sonication (5 minutes) was poured 
into the reservoir with the aid of a small funnel. The apparatus 
was then sealed as quickly as possible, the end cap removed from the 
column outlet and the pressure applied (v) 
	
The driving solvent 
used was carbon tetrachloride. 
Packing at very high pressures is quick. Approximately 10cm 3 
of carbon tetrachloride was passed through the column before the 
reservoir was isolated. The column was only removed from the 
reservoir after allowing sufficient time for the system to completely 
depressurize. This was to prevent column-bed disturbance. 
6.3.2.2.3.2 d/d variation experiments 
Using the same packing technique outlined in the last section 
(packing pressure variation experiments) a number of d/d ratios 
have been investigated. All columns were packed at the highest 
pressure available (25,000psi) and were of stainless steel 
construction. 
Note that at 25,000psi, a 0.25mm bore gauze-retaining tube had to 
be employed, as the use of larger bore tubes (e.g. 0.75mm) result 
in a punctured gauze. 
Note that for safety reasons, all the very high pressure column 
packing experiments were performed in a steel autoclave room. The 
valve which releases the pressure to the slurry reservoir was accessed 
from outside this room. 
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The following columns have been packed and tested:- 




Hypersil 3pm 1.1 370 
Hypersil 5pm 0.69 140 
Hypersil 3pm 0.25 83 
Lichrosphere 20pm 1.1 55 
Hypersil 5pm 0.25 50 
Hypersil 10pm 0.25 25 
Note: 
Hypersil is manufactured by Shandon Southern Products Ltd.. 
Lichrosphere is manufactured by E. Merck, D61 Darmstadt, F.R.G. 
6.3.2.3 Column testing 
6.3.2.3.1 	Sample injection 
A diagram of the hardware used to test the narrow-bore silica 
columns is given in Figure 6.29. Note that essentially, it is the same 
as that used to test the glass particle columns with the exception of 
the sample-splitter injector. This has been replaced by a Valco 
injecti'on valve (Valco Instruments Co.) which is capable of delivering 
an injection volume of ½p1 contained in a small cavity in the central 
rotor of the valve. Note also that a short length (40mm) of 0.25mm 
bore stainless steel tube has been used to connect the valve to the 
column to be tested. The reason for this is that in order to top a 
column with a gauze to retain the packing material, it is necessary to 
have some means of supporting the gauze. The most satisfactory way 
found to do this was to sandwich it between the top of the column and 
the 40mm length, fine bore feed tube from the valve using a 1/16" 
drilled-out Swagelok union.. Direct connection of the column to the 
valve was avoided for a number of reasons:- 
0-,, 
Figure 6.29 Details of the hardware used 





Control valve (for resistance) 
	
Resistance 









b—Feed tube to column 
(length 4cm, bore 0.25 mm) 
With a direct connection, inevitably, packing material would 
find its way into the valve, especially if a gauze was being used to 
top the column as opposed to a frit. This may lead to scratching of the 
high pressure seal which would result in leakage. 
The connection technique chosen allows the same fittings to be used 
throughout the column packing and testing experiments. Direct 
connection would have meant the use of Valco fittings for connection 
to the valve, this would have meant extra complications and 
expense (w) 
6.3.2.3.2 Detection 
The detection facilities and flow cell used with the silica 
columns were identical to those described for the glass particle 
columns (see Section 6.2.2.6.2). 
6.3.2.4 Experimental notes 
The eluent used throughout the narrow-bore silica column testing 
experiments was HPLC grade hexane (Rathburn Chemicals Ltd.). This 
was dried by passing it through a bed of activated silica gel which 
had previously been dried in a vacuum oven at 200 0C for approximately 
2 hours). 	In many cases, up to 0.1% (v/v) methanol was added to 
this eluent to deactivate the silica gel, reducing retention. The 
eluerit was frequently degassed by sonication. The sample mixture 
used throughout the narrow-bore silica column testing experiments 
was: - 
Toluene 	 0.2% (w/v) 1 
Anisole 0.1% (w/v) F in n-pentane 
Nitrobenzene 	0.Ol%(w/v)] 
(w) Note that Scott and Kucera have used a direct connection technique 
between their narrow-bore columns and injection valve. A 1/16" 
diameter stainless steel frit was located into the valve seat to 
retain the column packing material at the top of the column. In 
view of the fact that a frit may get damaged with the constant 
making and breaking of the connection between column and valve and 
that a damaged frit would be very difficult to remove without 
running the risk of damaging the valve, this configuration is 
thought to be unsatisfactory. 
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6.3.3 Discussion of results 
A table giving specific details about each column tested (column 
type, packing material, packing technique, d, L,tot' 0' and dead 
volume) and a brief summary of performance is presented in Figure 6.30. 
h,v plots for each column are also enclosed (Figures 6.31 - 6.35 and 
6.39 - 6.51). 	Again, as with the glass particle experiments, most of 
the h,u data presented is corrected data, the extra-column dispersion 
having been subtracted from the observed results as described in 
Appendix 3, Section A3.5. Note that where this is the case, to 
avoid confusion, only the corrected data for the near unretained 
solute toluene has been presented. In some cases., however, where 
columns with relatively low dead volumes have been tested, corrected 
data for the most strongly retained solute in the test mixture, 
nitrobenzene, has had to be used instead. This was because with such 
low dead volume columns, the contribution from extra-column dispersion 
was so significant that the early eluting peaks were considerably 
misshapen. 
Some idea as to the form the h,v relationship takes for the 
more strongly retained solutes can be seen from Figures 6.31, 6.32 
and 6.33 where observed data for the complete 3 component test 
mixture used in the experimentation is presented for Columns 2, 6 
and 26 respectively. Generally, as one would expect of observed 
data obtained on a chromatograph, the extra-column fittings of 
which produce considerable band dispersion, the results for the near 
unretained toluene peak, on which extra-column dispersion has most 
effect, are slightly poorer than those for the more strongly 
retained solutes. This is not the case, however, for Column 2, where 
the contribution from extra-column dispersion is clearly less 
significant, with the result that the near unretained solute, toluene, 
produces the best performance. 
As already pointed out for the glass particle experiments, the 
greatest difference between observed and corrected chromatographic 
data is observed when a column performs particularly well. Figure 
6.34 gives h,v data for a very poor column (Column 30) where the 
observed and corrected data can be seen to be in good agreement. 
The results for Column 6 (Figure 6.35) however, which gave a superior 
Figure 6.30. Summary of results obtained for narrow-bore columns 
Column Column Packing Packing Column Column Total Column Column Comments & 
Type Material Technique Diameter Length Porosity Resistance Dead Column Grading 
mm m E Parameter Volume (Scale 1-10) tot 
0 	(x) p1 
1 Liquid Not taken - Fair 	(5) 
Stainless Partisil 20 paraffin slurry 
steel 10-3Opm cut downward pack 
1500psi 
0.90 0.501 750 
2 0.77 730 240 Fair 	(4) 
Partisil 20 M eOH slurry  
3 upward pack 0.90 0.501 790 Poor 	(6)  
10-30pm cut 
1500ps i 
MeI/MeOH 0.79 850 250 Fair 	(5) 4 
Stainless Partisil 20 0.90 0.501 
balanced  
density slurry 
 steel 10-3Opm cut
5 upward pack 0.80 940 250 Fair 	(5) 
l500psi 
MeOH slurry 
23 Partisil 20 
stirred 
1.25 0.500 0.68 420 Good 	(3) 
reservoir 
6000psi 
24 CC14 slurry 
Partisil 5 stirred 1.1 0.499 0.76 700 330 Fair 	(5) 
Stainless reservoir 
26 steel 6000psi 1.0 0.466 0.77 620 310 Fair 	(4) 
24 + 26 - 0.965 Not taken 620 - Fair 	(4.5) 
0.85 440 89 Fair 	(4) 
35 Glass- 51jm MeOH slurry 
lined 
stainless 




5pm 0.86 780 90 Fair 	(4) 
steel Partisil 
1 
All columns terminated by a 1/16" fine gauze. 	(x) Column resistance parameter quoted is average 
of five runs at different pressures. 
-oft' 
Figure 6.30 (contd.) Summary of results obtained for narrow-bore packed columns. 
Column Column Total Column Column Comments 
Column Column Packing Packing Technique Diameter Length Porosity Resistance Dead 
and Column 
Type Material mm m E tot 
Parameter Volume grading 
0 	(x) p1 (scale 1 - 10) 
6 CC14 slurry 12,000psi 1.1 0.501 0.79 440 340 Fair 	(4) 
5pm Flypersil 
7 w CC14 slurry 22,5cYDpsi 1.1 0.500 0.76 560 














CC14 slurry 23,500psi 1.1 0.500 0.77 1100 370 Fair 	(4) 
12 1011m Partisil Cd 4 slurry 12,000psi 1.1 0.500 0.75 790 
330 Good 	(3) 
33 3pm Hypersil 1.1 0.499 0.73 
550 350 Very Poor (9) 
& 
34 5pm Hypersil 
0 












1 . 1 0.500 0.83 1000 380 Fair 	(5) 
5pm Hypersil 30  0.25 0.493 0.75 480 - Very Poor (8) 
4i U 
31 
(1) 10pm Hypersil 0 0.25 0.498 0.75 1100 - Poor (6) 
All columns terminated by a 1/16" fine gauze 
(x) Column resistance parameter quoted is average of five runs at different pressures 
ON 
2.0 
o Toluene k= 0.1 
An/sole k'= 0.5 
o Nitrobenzene k1 = 1.3 
n 	0 00 
0 	IIEO 
dp 
The column was constructed 
of stainless steel and was 
packed at 1500 psi using 














n o  

























































O Toluene 	k'_- 0.1 
O Anisole 	k'= 0.4 
o Nitrobenzene k'= 1.1 
logy 
The column was constructed 
of stainless steel and 
was packed at 6000psi 
using the stirred reservoir 



































The column was cons fruc 
of stainless steel and was 
packed at 25000 psi using 













0 Observed data 
" Corrected data 
NOTE-Data presented is for the 
solute nitrobenzene 1 k'- 6 
0.0 	0.5 	1.0 
bay 
20 
D Observed data 
O Corrected data 
NOTE- Data presented is for the 
solute toluene, k'=0.05 
0 lj~p 0 
0.0 	0.5 	1.0 
I nn \J 
The column was constructed 
of stainless steel and 
was packed at 12000 psi 

























performance in comparison to Column 30, exhibit a significant difference 
between observed and corrected data. 
Two chromatograms obtained at both high and low eluent flow-rates 
with Column 36 (0.3m length, 0.7mm bore g1as-lined stainless steel 
column packed with Partisil 5) are given in Figures 6.36 and 6.37. 
A table of chromatographic parameters (h\vif ,E, etc.) obtained 
over a range of velocities for Column 24 is also presented in 
Figure 6.38. 
Generally, the performance of the narrow-bore columns packed 
with silica tested in the experimentation was very poor indeed. 
The three low pressure (1500psi) techniques used to pack 20km 
Partisil - liquid paraffin, methanol and methyl iodide/methanol 
(balanced density) , all producing very similar, disappointing 
results (typical performance was h = 10 at v = 5) - see the results 
for Columns 1,2,3,4 and 5, Figures 6.39, 6.40 and 6.41. 	The 
reproducibility of packing with these techniques, however, does 
appear to be quite good, with both repeat column packings for the 
liquid paraffin and balanced density slurries producing comparable 
results. 
Moving on to consider the intermediate pressure (6000psi) 
column packing experiments. With the stirred reservoir technique, 
it has been possible to obtain the optimum reduced plate height 
of two particle diameters for the 20um Partisil material. The 
results for this 0.5m length, 1mm bore column (Column 23) can be 
seen in Figure 6.42 	
. 	Unfortunately, the two columns packed 
with 5i.im  Partisil material (Columns 24 and 26, Figure 6.43) 
using a similar technique, although the results were alike, generally, 
the data could have been better. When these columns were connected 
together to form column 24 + 26 (Figure 6.43) a linear increase in 
performance was achieved, confirming the findings of Scott and 
5 
Kucera 
(y) Note that the data presented for Column 23 is observed data 
rather than corrected data. This was due to the fact that a 2l 
sample injection valve, for which no dispersion data was available, 
was used to test this column. 
Figure 6.36 Chromatogram of a three component mixture obtained 
with a narrow-bore packed column - 	Column 36 
Toluene 	 Column 36 	- Glass lined stainless steel column packed with Part/s/I 
k=0.4 521m material using the NeON slurry packing technique 
(downward - 6000 psi) L = 0.3m, 	dc 	0.67mm 
Cz 
Chromatographic mode : 	Adsorption Nitrobenzene 
Eluent : Hexane k=6.5 
.Qj UV monitor : 	254 	n 
Elution pressure 260 psi 




II k'= 3.5 
II Ii 
II 	 Il 
t,= 564s 
Column 36 - Glass lined stainless steel column packed with Partisil Sijm 
material using the frleOH slurry packing technique (downward-
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0. 37E-OBrn**2 per s 
0. 36E-03rn**2 per 
0. 38E-08rn**2 per 
IIJPUT DATA 
NO. OF RUNS; 7 
(23. OF OLUTE9; 3 
COLUMN LENGTH; 0. 49, 
COLUMN' DIAMETER; 0. 105E-02m 
TOTAl. POROSITY; C) 79 
DIFFUSION COEFF. PEAK 140. 	1 
DIFFUSION COEFF. PEAR NO. ; 2 
DIFFUSION COEFF. PEAK NO. 3 
PARTICLE SIZE; 0. 500E-05 
te'/s PRESSURE/psi PHI 
489.9 625. 643. 
869.7 400. 730. 
1549.0 275. 894. 
321.2 920. 620. 
249.8 1160. 6013. 
COLUMN RESISTANCE PARAMETER DATA 
AVERAGE PHI VALUE= 699. 
Run Solute k t m H Observed H Corrected h Observed h Corrected Reduced o Observed VCorrect e d f V E E 
pm pm  velocity p! 2 p12 p1 s- 1  
Observed Corrected 
1 1 0. 10 118 2 0.693E.1-02 0. 515E+02 0. 139E+02 0. 103E+02 0. 570E+01 0. 1130E+02 0. 134E+02 0. 277E+01 0. 134E 06 0. 742E 05 
2 0. 32 0. 652E+02 0. 529E+02 0. 130E+02 0. 106E+02 0. 586E+01 0. 245E+02 0. 199E+02 0. 119E 06 0. 784E 05 
3 o. cj 0. C20E+02 0. 571E+02 0. 126E+02 0. 114E+02 0.555E+01 0.512E+02 0.466E+02 0. hOE 06 0.913E 05 
2 1 0. 10 158.3 0, 720E1-02 0. 563E+02 0. 144E+02 0. 113E+02 0. 426E+0i 0. 186E+02 0.146E+02 0.207E+01 0. 145E 06 0. GBBE 05 
2 0. 31 0. 676E+02 0. 567E+02 0. 135E+02 0. 113E+02 0.438E+01 0.250E+02 0.210E+02 0. 128E 06 0.898E 05 
3 0.92 0.645E+02 0.594Ei-02 0.129E+02 0.119E+02 0.415E+01 0.511E+02 0.470E+02 0.116E 06 0.985E 05 
3 1 0. 	ii 207.2 0. 627E+02 0. 492E+02 0. 125E+02 0.984E+01 0,325E+01 0. 163E+02 0.128E+02 0.158E+01 0. hOE 06 0.677E 05 
2 0 0.616E+02 0. 520E+02 0. 123E+02 0.104E+02 0.334E+01 , 0.226E+02 0.190E+02 0. 106E 06 0.756E 05 
3 u. 90 0. 573E+02 0. 528E+02 0. 115E+02 0.106E+02 0.317E+01 0.445E+02 0.410E+02 0.918E 05 0.779E 05 
4 1 0.09 321.2 0.543E+02 0.441E+02 0. 109E+02 0. BB1E+01 0.210E+01 0.140E+02 0.113E+02 0.102E+01 0.826E 05 0.543E 05 
2 . 	 0. 29 0. 558E+02 0.484E+02 0. 112E+02 0.969E+01 0.216E+01. 0.200E+02 0.174E+02 0.870E 05 0.656E 05 
3 0. 07 0. 529E+02 0.494E+02 0. 106E+02 0.989E+01 0.204E+01 0.398E+02 0.372E+02 .0. 784E 05 0. 603E 05 
5 1 0. oi 489.9 0. 365E+02 0,289E+02 0.729E+01 0.578E+01 0.138E+01 0.938E+01 0.743E+01 0.669E+00 0.372E 05 0.233E 05 
2 0. 0. 1 19E+02 0. 264E+02 0.639E+01 0.529E+01 0.141E+01 0.113E+02 0.937E+01 0.285E 05 0.195E 05 
3 0. Sb 0. 331E+02 0.305E+02 0.662E+01 0.610E+01 0.134E+01 0.247E+02 0.228E+02 . 0.306E 05 0.260E 05 
61 1 0. 09 869.7 0, 398E+02 0. 348E+02 0.796E+01 0.696E+01 0.775E+00 0.102E4.02 0.893E+01 0.377E+00 0.443E os 0. 338E 05 
2 0. 29 0. 385E±02 0. 350E+02 0.771E+01 0.699E+01 0.797E+00 0.137E+02 0.124E+02 0.416E 05 0.342E 05 
3 0. 0 402E+02 0. 305E+02 0.(304E+01 0.770E+01 0.755E+00 0.301F+02 0.288E+02 0.452E 05 0.415E 05 
7 1 0. 09 1549 0. 395E+02 0. 361E+02 0.790E+01 0.722E+01 0.435E+00 0.101E+02 0.922E+01 0.212E+00 0.436E 05 0.365E 05 
2 0. 23 0 4Ci3E+02 0. 379E+02 0. 806E+01 0.757E+01 0.447E+00 0.143E+02 0.134E+02 0.454E 05 .0.401E 05 
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The second slurry technique examined at the intermediate packing 
pressure of 6000psi was the MeOH downward slurry. The two 0.3m 
length, 0.7mm bore columns packed with 5im Hypersil (Column 35) and 
5m Partisil (Column 36) produced similar performance (see Figure 
6.44) -which was in line with that obtained for the columns packed 
using the stirred reservoir. 
The packing pressure variation experiments with the smaller 
5 and lO.jm material packed into 0.5m length, 1mm bore columns 
(Columns 6,7,8,10,11 and 12) (Figures 6.45, 6.46, 6.47 and 6.48) 
produced matching results both regardless of the type of packing 
material (irregular/spherical) or the pressure used (12000/25000psi). 
All the columns yielded rather disappointing results which were not 
unlike those obtained with the intermediate pressure packing 
experiments. (Typical results h = 10 at v= 5). The larger lOijrn 
material (Columns 10,11 and 12) giving slightly better performance 
than the 5jim material (Columns 6,7 and 8). 
The results for the did ratio variation experiments were also 
disappointing (see Figures 6.49 - 6.51). None of the ratios tested 
gave reasonable results or indeed results that compared favourably 
with those obtained with the other packing techniques already covered 
except Column 32 (dc/dp = 55 dc = 1.1mm, d = 20im), the best column 
tested in this section. Although the best column of the batch, 
Column 32's performance was less than satisfactory particularly when 
compared to the results obtained with 20iim material with the stirred 
reservoir. The 3im material produced very poor results regardless 
of the column bore used (Columns 29 and 33). Indeed, it is difficult 
to see a correlation between d 
c p 	 c p 
/d ratio and performance (d /d 50 
and 55 producing totally different results). One trend is clear, 
however. 	It appears that the larger the packing material, the 
better the performance, irrespective of column bore. 
The generally poor performance of the wide variety of column 
packing techniques tested is an indication of how difficult it is 
to pack narrow-bore columns well. 
It would appear that the use of low pressure packing techniques 
using a packing pressure of 1500psi are to be avoided. Inadequate 
packed bed compression is probably one of the major reasons why such 
disappointing results were obtained with the three low pressure 
2.0 
O Column 35 1-/ypersil 5 jim (spherical) 


























0 Column 6 1200 psi 
G Column 7 .22 500 psi 
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Both columns were stainless, steel 
packed with Hypersil Sjjm material 
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.0 Column 10 12000 psi 
G Column 11 23 500 psi 
1.5 
Both columns were stainless steel 
packed with Hypersil lOj.im material 
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O 	Column 	7 dc = 1.1 mm d /d = 220 
O 	Column 34 4 =0.69mm 4 /d 	= 140 
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NOTE-Data presented is for the solute 	nitrobenzene 
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0 Column 33 d/d = 370 (dc = 1.1mm, 4, = 3)jm) 
0 Column 34 dc 1d = 140 (c/a  = 0.69mm, d,f, =Sjim) 
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slurry techniques described. With regard to the higher pressure 
packing experiments, however, it would appear that there is a point 
above which an increase in column packing pressure is no longer 
beneficial. 	This appears to be in the region of 6000psi. 
Certainly all of the columns packed at 25,000psi produced similar 
if not poorer results to those packed under similar conditions at 
lower pressures. This may be the result of the packing material 
being damaged in some cases by the severe packing conditions. 
The best results obtained in this work arose through the use 
of a stirred reservoir and a packing pressure of 6000psi. It is 
considered that this is an indication of how important it is to be 
able to agitate the slurry before packing and that particle 
sedimentation is one of the major problems leading to poor column 
performance, i.e. All the other packing techniques described employed 
a static reservoir where no slurry agitation was possible. 
The observation that the combination of a rough-walled column 
with spherical particles and a smooth-walled column with irregular 
particles gives good glass bead columns does not appear to apply 
to silica. Both the irregular Partisil and the spherical Hypersil 
materials producing similar results in both glass and stainless 
steel columns. It should be remembered, however, that the fact 
that most of the packing techniques employed were so poor leaves 
this type of conclusion in some doubt. This also applies to the 
analysis of the dc/dp experimental results where the static, very 
high pressure packing technique appears to have been particularly 
poor. 
6.4 General summary of conclusions 
Glass particle packing experiments 
1) The influence of extra-column dispersion on the results was 
minimal primarily because most of the columns tested produced fairly 
poor results. Had a column capable of optimum performance been 
encountered, the influence of extra-column dispersion on the observed 
data would have been considerable. 
The best and also the most reproducible packing protocol tested 
was the liquid paraffin slurry. 
The use of the narrow-cut fraction of glass beads gave no 
advantages over the wide-cut fraction. 
Irregular shaped material appears to produce slightly better 
results in smooth-walled columns (e.g. glass columns) while spherical 
material produces best results in combination with the rougher-
walled stainless steel tubing. 
Preparing columns from flexible column material with smooth 
walls such as Nylon allows good columns to be achieved with spherical 
material. 
Silica particle packing experiments 
As with the glass particle columns, only when a column performed 
relatively well did the extra-column contribution to dispersion 
become significant. As most of the columns tested were of fairly 
poor performance, the extra-column dispersion had little effect on 
the results. 
The three low pressure slurry packing techniques tested at 1500psi 
all produced similar, disappointing results which appeared to be 
reproducible. The packing pressure of 1500psi is considered to be too 
low to achieve suitable compression of the packing material. 
At the intermediate packing pressure of 6000psi with the stirred 
reservoir technique it-has been possible to achieve the optimum 
reduced plate height of two for the larger 201.im material. Unfortunately, 
these results could not be repeated with the smaller 5 and lOm 
material. 	It is considered that the use of a stirred reservoir is 
important in preventing particle sedimentation and it is felt that 
this is one of the major reasons why so many of the static packing 
techniques tried were so poor. 
It has been shown that it is possible to link narrow-bore packed 
columns together to achieve a linear increase in column efficiency 
confirming the findings of Scott and Kucera 
5) The very high pressure packing experiments conducted with 
a static reservoir have been difficult to interpret due to the 
fact that the packing technique used was so poor. 
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7.1 General introduction 
Mass spectrometry, offering high sensitivity over a wide response 
spectrum and a broad dynamic range is undoubtedly one of the most 
powerful techniques available for the identification of organic 
compounds. It is hardly surprising then that attempts have been made 
to couple the technique with column chromatography with a view to 
producing a system capable of resolving complex organic mixtures and 
identifying the constituents on-line. 
Combined gas chromatography/mass spectrometry (GC/MS) systems 
for the separation and identification of volatile compounds are now 
commonplace. The development of the cdmplementary technique of 
liquid chromatography/mass spectrometry (LC/MS) for the separation 
and identification of less volatile mixtures has, however, proved 
much more troublesome, with only a few commercial systems of rather 
less than satisfactory performance being currently available. 
Essentially the problems with LC/MS coupling lie with the basic 
incompatibility of the two techniques. Liquid chromatography is 
generally used for the separation of the more polar, higher molecular 
weight, less volatile and often thermally labile compounds, the 
separated bands emerging from the chromatographic column at atmospheric 
pressure in a considerable volume of eluent which may have a variety 
of compositions and may contain impurities. Mass spectrometry on 
the other hand, requires high vacuum technology and some means of 
ionizing the samples in the gas phase. Any proposed interface must 
ideally not compromise the performance of either system. 
At the outset of this chapter the basics of organic mass 
spectrometry are very briefly outlined. A short review of some 
LC/MS interfacing techniques is then presented. In the experimental 
section, the performance of a commercially available LC/MS interface 
with a number of column configurations, including a conventional 
analytical column and a narrow-bore packed column, has been 
investigated. This performance comparison involved establishing 
the extra-column contribution to band dispersion and measuring the 
noise levels produced by each configuration. 
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7.2 Mass spectrometry - an introduction to the technique 
The technique of mass spectrometry can be used to yield 
accurate mass and structural information for many organic compounds. 
Essentially, this information is obtained by taking a small amount 
of the substance of interest and volatilizing it by' some means. 
Once in the gas phase, the molecules are ionized. This ionization 
process serves a dual purpose in that it allows the particles to be 
manipulated by electric fields (i.e. focused and accelerated) and 
it also imparts some degree of excess energy which may result in 
fragmentation. It is the analysis of the fragments produced 
(which are characteristic of the original molecule) which yields 
valuable structural information. 
A number of ionization techniques are available which are 
capable of imparting varying degrees of energy to the molecules. 
Soft ionization techniques such as chemical ionization (CI) for 
example, produce ions which tend not to fragment to any great 
extent. The result is that the main ion detected is a quasi-
molecular ion (a) 
	Harder ionization techniques such as electron 
impact (El) produce a range of energetic ions which have a greater 
tendency to fragment than the ions formed with CI. The result is that 
a variety of charged fragments are detected. The molecular ion, 
however, may or may not be seen. Clearly, the two ionization 
techniques, El & CI, are complementary with El providing structural 
information and CI giving the molecular weight of the compound of 
interest. 
Most mass spectrometers are equipped with an electron impact 
source. A schematic diagram of this type of source is given in 
Figure 7.1(A). Electrons are produced by an= 60eV discharge under 
high vacuum (lO - 10 7mmHg) . These are accelerated across the ion 
volume where they bombard the molecules under analysis and cause 
electrons to be stripped according to the process:- 
e+ 
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[A EL source 
-JT Sample—) 1 1 




















An ion repeller plate then repels the charged species towards 
a series of focusing lenses which are at increasing potentials. 
Consequently, the ions are accelerated into the mass analyser. 
Details of a chemical ionization source are also given in 
Figure 7.1(B). Essentially, this soft ionization process is 
performed in two stages. 	In the first stage, a reagent gas such 
as methane is ionized by electron impact ionization at relatively 




 + 2e 




 + M --- )CH4 + W 
(M
+  is not a highly energetic species). 
Unfortunately, because the ionization pressure is high, an excess of 





 + CH 4 	CH + 5 + CH* 3 
+ 
CH3 + + CH4— C2H5 + H2 
And others. 
+ 	 + 
CH and C2H5 play the most important role in ionization. 	These 
species are acidic and as a result tend to lose protons. 
M + CE5 	 + 11 + CH 4 
M + C2 	>[M + 29]
+ 
In chemical ionization spectra the M + 1 ion is the most abundant. 
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A number of techniques are available for ion mass analysis. 
One of the most popular is the magnetic sector system. A schematic 
diagram of this type of instrument is included in Figure 7.1(A). 
The charged species are accelerated into a curved flight tube where 
they are deflected by a magnetic field. 	By altering the magnetic 
field strength, ions of different mass to charge ratios (m/e ratios) 
can be made to negotiate the curved flight tube and impinge on the 
detector (usually an electron multiplier) . This configuration is known 
as a single focusing mass spectrometer. 
Another analyser system that is becoming increasingly popular 
is the quadrupole mass filter. A diagram of this type of instrument 
is given in Figure 7.2. A combination of direct current (DC) and 
radio frequency (RF) voltages is applied to the four rods. The ions 
are injected into the volume between the rods and describe a complex 
oscillating trajectory depending on the mass/charge ratio of the ion. 
For any DC/RF combination, only ions of one particular m/e ratio will 
reach the detector. The mass spectrum is scanned by sweeping both 
RF and DC voltages at a constant RF/DC ratio. Very fast scanning is 
possible with this type of analyser (0.1, 0.2 seconds) but resolution 
is poorer than that obtainable with a single focusing magnetic 
sector system. 
Samples may be presented to a mass spectrometer in a number of 
forms. Solid samples for example, may be analysed using a solid 
probe unit. This is simply a heated probe containing a recess in which 
the sample is located. The probe is placed close to the ion source 
through a series of vacuum locks. The sample is then volatilized 
by activating the heater system. Liquid samples can be injected by 
syringe into a heated glass reservoir where the sample is volatilized. 
A small amount of sample vapour can then be supplied to the ion 
source via a porous disc leak system. Gases may also be fed into the 
source using a similar technique. Clearly, in the last two cases, 
only a very small volume of gas can be allowed to enter the ion source 
otherwise it becomes difficult to hold the high vacuum. Increases 
in pressure can affect instrument sensitivity. Massive increases in 
pressure, however, have to be avoided as these can damage the 
instrument (b) 
(b) A very high source pressure for example, would cause the source 
filament to burn out. Such a problem would be expensive in terms 
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Figure 7.2 Schematic diagram of a quadrupole mass spectrometer 
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Most commercially available mass spectrometers allow access to 
the source via a number of manifolds to permit various sample 
introduction techniques to be used in rapid succession. 
7.3 Combining chromatography with mass spectrometry 
Before considering the on-line combination of liquid chromatography 
with mass spectrometry it is considered that a brief review of the 
technology used to perfect on-line GC/MS would serve as a useful 
introduction. Many of the problems experienced are common to both 
fields. 
One of the major difficulties with GC/MS is that sample bands 
eluting from the GC column are diluted with a considerable volume of 
carrier gas. This has to be removed by some means otherwise a large 
influx of gas into the spectrometer would cause a loss of vacuum. 
Sensitivity would also be poor due to the large dilution of the 
sample. 
Splitting off a very low flow-rate of effluent gas from the GC column 
might go some way to solving the problem of large input gas flows to 
the spectrometer, but a large split ratio would be required and 
consequently sensitivity would be very low. One way round the problem 
is to use an enrichment device which allows the selective removal of 
carrier gas. Such a system would supply a low gas flow - rate to the 
spectrometer in which the sample concentration was many times higher 
than that leaving the GC column. 
Essentially, three types of enrichment device are now commonly 
employed in GC/MS coupling. These are illustrated diagrammatically 
in Figure 7.3. 
The effusion separator (Watson and Biemann 	was one of the first 
enrichment devices to be developed. The separator is constructed 
from an ultrafine porosity sintered glass tube which has a restriction 
at either end. This tube is surrounded by a vacuum chamber which is 
continuously pumped. Discrimination arises from the different effusion 
rates through the fine pores of the membrane. Because the carrier gas 
molecules (He) have a higher velocity than the solute molecules due to 
their lower molecular weight (NB velocity c l/((MW)), more carrier gas 
than solute is carried away through the sinter. The result is that 
sample enrichment takes place in the sintered tube. 
From 




Figure 73 Details of three of the most popular 
enrichment devices employed in GC/NS 
inter facing 
Watson -Biemann effusion separator 
From G( MIMI 
Pump (He) 
Ryhage- typeglass jet_separa for 




To MS • 
• 	•.• 	• 
40membrane 
7-li 
The second type of separator illustrated in Figure 7.3 is the 
jet separator (Ryhage 2) 
	
This system consists of two fine opposed 
glass jets sealed into a continuously pumped glass envelope. 
Sample enrichment is achieved by utilizing a light carrier gas such 
as helium. The outlet from the GC column is sprayed from one of the 
jets. The molecules emerge from the jet at high axial velocity. 
The heavy solute molecules with high momentum tend to carry straight 
on while the lighter helium molecules with far lower momentum are 
scattered to a much greater extent by collisions in the jet. The 
gap between the jets is usually about 0.3mm. 
The third enrichment device illustrated in Figure 7.3 is the membrane 
separator (Llewellyn and Littlejohn 
3 
	this system, the GC column 
effluent is allowed to pass over a fine dimethyl silicone membrane. 
Sample enrichment is achieved because the permeability of the organic 
solutes is many times that of the inorganic carrier gas. 
A rather convenient way of obtaining a chromatogram from a 
GC/MS system without employing a splitter tee to feed a small proportion 
of the column effluent to a GC detector, is to use the ion source as 
a detector. By making the aperture in the final focus plate in the 
ion chamber (Figure 7.2) smaller than the others so that it intercepts 
a number of the ions on their way to the flight tube, a current is 
generated which is proportional to the number of ions intercepted. 
This may be amplified and displayed with time on a chart recorder to 
give a chromatogram. (This type of chromatogram is known as a total 
ion current chromatogram (TIM). 
Recently, with the advent of cheaper, miniaturized computing 
facilities, most GC/MS instruments have their own computer system. 
This has allowed a major breakthrough in data manipulation and automation. 
For example, it is possible, given that a column is not capable of 
producing a total separation of a mixture of components, to get the 
instrument to selectively monitor a particular ion which is 
characteristic of the compound of interest. To reduce ambiguity, the 
machine can also be programmed to retune to another ion produced by 
the same compound automatically. Another advantage is the use of 
computerized library search facilities to compare any particular 
spectrum recorded on the GC/MS system with a comprehensive library of 
mass spectral data and print out a list of closest fits. This allows 
rapid identification of complex mixtures. 
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Moving on to consider the combination of liquid chromatography 
and mass spectrometry. One is now faced with a much greater problem 
than was the case with gas chromatography in that typically 
l-2cm3 min- 1 of liquid effluent issues from a conventional analytical 
LC column. Some means has to be found of interfacing this flow to 
the mass spectrometer, the ion source and analyser unit of which 
have to be maintained at high vacuum. As explained earlier, the LC 
effluent may be composed of a wide variety of solvents and may, on 
occasions, even contain inorganic buffers. Clearly, it is not 
possible to introduce such large volumes of liquid directly into the 
mass spectrometer as enormous volumes of gas would result 
Splitting the flow to take only that quantity of solvent the mass 
spectrometer pumping system could deal with would result in very 
poor sensitivity indeed as it has been shown by Tal'roze et al that 
most mass spectrometers can deal with flow-rates of no more than a 
few nanolitres per minute. 
It would appear that as with GC, some means of sample enrichment 
is required before introduction to the ion source. Unfortunately, 
with LC/MS interfacing there is also an additional problem that 
is not experienced with GC/MS and that is the problem of the general 
incompatibility of LC sample solutes with MS, i.e. LC solutes are 
usually difficult to volatilize due to either their high polarity 
and/or high molecular weight. They also tend to be thermally labile. 
Some of the approaches to solving these problems will now be 
described. 
7.4 A review of on-line LC/MS coupling techniques 
The interface systems that have been proposed to achieve LC/MS 
coupling divide conveniently into two groups, the solvent separation 
systems and the directly coupled interfaces. 
A number of sample enrichment (solvent separation) systems have 
been proposed for LC/MS. 	As we have seen for the CC/MS interfaces 
discussed in the last section, such systems allow enrichment to be 
achieved by exploiting physical differences between solvent and 
solute. 
(c)' At a flow-rate of lcm3min 1 , 150-1200 atm.cm3 min 1 of gas is 
produced depending on the solvent used 4. 
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Jones and Yang 
6 
 have proposed achieving sample enrichment by 
utilizing a series of semi-permeable silicone rubber membrarices, a 
technique which had proved useful in GC/MS coupling. The membranes 
have a higher permeability for the less polar solute vapour than they 
have for the polar solvent vapour. Unfortunately, however, most of the 
compounds amenable to analysis by HPLC are polar. The system also has 
a further disadvantage in that only compounds that volatilize below 
250°C can be studied. It appears then that this particular technique 
is of limited use. Indeed, no further work has been reported on the 
subject since the original paper in 1975. 
Another idea that has proved useful in GCIMS and has been applied 
with some success in LC/MS coupling is the jet skimmer. This system 
permits selective solvent removal by allowing a vapourized jet of 
eluent to expand over a skimmer (see Figure 7.4). Many of the 
lighter solvent molecules are rejected as only the central area of the 
spray is sampled into the ion source. Takeuchi et al have utilized 
this type of enrichment device along with a miniature liquid 
chromatograph to prevent having to split an analytical column flow-
rate. Improved pumping facilities were used to retain a suitable 
vacuum in the system. Due to poor enrichment, however, only CI spectra 
were recorded. A major problem with this system is that samples of 
low volatility can not be analysed. 
More recently, an improved design employing a vacuum nebulizing 
interface has been suggested by Tsuge et al 8 
	
Samples of lower 
volatility have been handled and higher solvent flow-rates are 
permissible. 
More complex systems using similar techniques have been reported 
by Blakley et al 	and Udseth et al 10 
	
Much improved vacuum 
equipment was used by these workers who employed a free expanding jet 
of liquid (flow-rates lcm3 min - 1 ) from a nozzle coupled with a skimmer 
system. It is this type of system that is illustrated in Figure 7.4. 
The vapourization energy was supplied by laser in the case of Blakley 
et al and by sonic radiation in the case of Udseth et al. The 
enrichment obtained with these systems was high enough for either El 
or CI spectra to be obtained. Non-volatile buffers have been dealt 
with successfully for short periods of time and some success has been 
obtained with the analysis of relatively involatile solutes. 
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The only type of solvent separator device to be made commercially 
available is the belt system. This apparatus allows enrichment to be 
achieved by taking advantage of the higher volatility of the solvent 
compared to that of the solutes. The design (see Figure 7.5) is based 
on the moving wire detector for LC proposed by Scott et a]. 11 
Scott later suggested that this system might be useful as an LC/MS 
interface. The apparatus proposed by Scott et al 
12 
 consisted of 
a wire loop that, after being coated with column effluent, passes 
through a series of vacuum locks, to a point close to the ion source. 
During this transition from atmospheric pressure to high vacuum, the 
solvent is removed by both heating (IR heater) and the effect of vacuum, 
leaving the solutes on the wire. Initially, problems were encountered 
with the wire loop in that it was found only to be capable of taking 
approximately 1% of the effluent supplied to it into the spectrometer. 
The system was improved by McFadden 
13,14 
 who used a belt loop in 
place of the wire loop, this allowed far more effluent to be placed 
onto the transport system. 	Transfer yields of 25-40% were obtained. 
Originally, the belts used were metal but these have now been 
superseded by the polyimide material Kapton. This type of system is 
available commercially from both VG and Finnigan. 
Up to lcm3min-  
1 
 of non-polar eluent can be dealt with 
successfully with the belt system. It is possible to obtain both El and 
CI spectra under these conditions. Unfortunately, problems are 
experienced with polar eluents which make operation with the most 
popular form of EPLC, namely, reversed-phase chromatography, 
difficult. With polar eluent, output from the column has to be 
split to take approximately 0.lcm3rnin 
1 
 onto the belt. Solvent 
systems with a high percentage of water (> 60%) are very difficult 
to deal with. At such water levels, droplets of water are left on 
the belt after the more volatile solvent has been removed and 
these cause fluctuations in source pressure. 
Samples, once free of solvent, are flash vapourized from the 
belt close to the ion source. The belt system is reliable and can 
handle both volatile and involatile buffers and gradient elution 
systems. The system not only suffers from the polar eluent input 
problem, however. Only compounds of MW >120 can be studied on-line 
for example and problems are experienced with samples of low 
volatility. Games is of the opinion that the belt system's 
ability to deal with involatile samples falls between the direct 
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Karger et al 
15 
 have suggested the use of a second interface 
coupled to the belt system to deal with polar eluent. This interface 
allows on-line transfer of the solutes in polar or ionic solvent 
to non-polar solvent which is then fed to the belt. 
Turning now to consider the second type of interface, the 
directly coupled interface. All the techniques to be described 
in this section use CI as opposed to El as this allows source 
pressures up to three orders of magnitude greater than those 
possible with El, i.e. CI allows greater input flows into the 
spectrometer. The eluent in these cases is used as the CI 
reagent, as generally, most LC solvents are suitable for this 
purpose. 
An atmospheric pressure ionization source (API) for LC/MS 
16 
has been proposed by Horning et al 	A diagram of the system is 
given in Figure 7.6. As the name suggests, the API source allows 
ionization to take place at atmospheric pressure and, consequently, 
considerable input flows of liquid from the LC can be dealt with. 
The column effluent enters into an evaporator tube where it is 
vapourized and carried to an ion-plasma, generated by a corona 
discharge, by a stream of pre-heated nitrogen or helium. Ion-
molecule interactions occur in the plasma which is sampled through 
a small orifice (25m) into the spectrometer. 
Unfortunately, the API LC/MS system does have a number of 
disadvantages. For example, samples of low volatility cause 
problems because they have to be volatilized at atmospheric pressure 
and must be capable of giving rise to vapour pressures a good deal 
higher than those needed for direct probe introduction. In addition, 
the amount of structural information provided by the technique is 
rather poor due to the fact that usually only quasi-molecular ion data 
is generated. The system has a greater sensitivity for compounds with 
high electron affinities. Another disadvantage arises due to the use 
of high pressure in the source. Polar solutes tend to cluster 
extensively yielding (solvent) H+ ions (n = 1-5). As a result, analysis 
of low molecular weight solutes is difficult due to the high MW back-
ground. Blocking of the feed aperture to the spectrometer can also be 
a problem. 
Probably one of the most promising directly coupled interfaces is 
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after ground work by Tal'roze 21-22, 5 who studied the direct 
introduction of solvent into an MS source via a capillary tube using 
El. 	As already pointed out earlier, however, increased flow-rates 
can be accepted if CI is used. This fact was taken advantage of by 
McLafferty who found that with increased pumping capacity, up to 1% 
of effluent from a conventional ILC column could be introduced directly 
into the mass spectrometer. 
More recently, quadrupole mass analysers have been used, these 
being considered to be safer in such studies as there is less 
likelihood of high voltage breakdown due to excess gas in the mass 
spectrometer. Henion 23, 24 has used a simple DLI technique to 
interface a conventional HPLC system with a standard commercial mass 
spectrometer. Henion 
25 
 has also used a miniature chromatographic 
system to supply low flow-rates directly to a DLI interface. 
More sophisticated DLI systems are marketed by the instrument 
companies Riberinag and Hewlett-Packard. Both instruments employ 
quadrupole analyser units and improved vacuum equipment. A diagram 
of the Hewlett-Packard system is given in Figure 7.7. This design 
incorporates an improved liquid introduction system, which goes 
some way towards solving the problem of handling samples of low 
volatility, as experienced with the Ribermag system. Essentially, 
with the Hewlett-Packard system, column effluent is introduced via 
a cooled probe. A small fraction of the eluent is sampled via a 
diaphragm orifice (5-15i.m) into the MS. With the improved pumping 
systems and a liquid nitrogen cold trap, the mass spectrometer can 
cope with up to O.lcm3min- 
1 
 of polar column effluent (acetonitrile) 
making the system suitable for use with reversed-phase chromatography. 
Although further development of the DLI system is necessary it 
would appear to be one of the most promising approaches. Arpino 
and Guiochon 
26 
 are of the opinion that under the correct conditions 
the rapid expansion of droplets of liquid could spray single 
molecules of solute, not normally vapourizable by the heat treatment 
of solid crystals. 
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The performance of a commercial mass spectrometer/moving 
belt interface 	(Finnigan Instruments 	) as a detector for 
liquid chromatography has been determined with three different column 
configurations: - 
Conventional analytical column, total column effluent taken onto 
belt system. 
Conventional analytical column, column effluent split to produce 
a lower flow-rate to belt system. 
Narrow-bore packed column, total column effluent taken onto belt 
system. 
Both the instrumental dispersion and noise levels associated with each 
configuration have been studied in an effort to provide an answer to 
the contentious question concerning the most satisfactory column 
configuration to use with the belt system. 
The two IC columns used in this experimentation were packed and 
then tested in the more conventional UV detection mode directly before 
use. Both columns were operated under straight-phase conditions. 
This testing procedure involved obtaining a reduced plate height/ 
reduced velocity plot for each column and performing duplicate runs 
with the same flow-rate to be used in the experiment with the 
interface. 	The peak widths were recorded for later comparison with 
those produced by the mass spectrometer. 
As the ratio of column volumes (analytical/narrow-bore packed) 
is of the order of 10/1, flow-rates of lcm 3min 1 for the analytical 
column and 0.lcm3min-  for the narrow-bore packed column have been 
A description of this type of interface has already been given in 
Section 7.4. 	A diagram has also been presented (Figure 7.5). 
Finnigan Instruments, 
845 W. Maude Avenue, Sunnyvale, CA 94086. 
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chosen to give comparable analysis times and yet not compromise the 
efficiency of either column too much. 
Unfortunately, the experimentation has had to be performed in 
two sections as the noise level determinations could not be 
established from the band broadening experiments. This situation 
arose because multi-ion monitoring (MID) was performed for the band 
broadening experiments. MID allows a rapid scan time (1 per second) 
to be achieved. This produces more detailed peaks and consequently 
facilitates peak width measurements. To establish the noise level 
information, the experiments had to be repeated with a standard scan 
of 90-300 m/e every 5 seconds. This scan type would be used under 
normal analytical conditions. 
7.5.2 Packing and testing columns used in this experimentation 
7.5.2.1 Packing and testing the analytical column 
A 250mm length, 4.6mm bore conventional analytical column packed 
with Partisil 5 irregular silica gel was used. This was packed at 
6000psi using a stirred reservoir slurry technique. Details of the 
packing apparatus and procedure have been described for the packing of 
narrow - bore packed columns in Chapter 6 (Section 6.3.2.2.2.1). 
Essentially, the apparatus and procedure are similar for both column 
types. A slurry concentration of 3.5g of Partisil 5 to 70cm 3 of 
carbon tetrachloride was used 
The chromatographic hardware employed to test this column 
consisted of an Altex 100A constant-flow pump, Rheodyne 10.zl sampling 
valve and Pye Unicam LC3 UV photometer with 8i.i1 flow cell. The test 
mixture used to obtain the h,v plot (Figure 7.8 (g))  was:- 
Toluene 	 0.5 	% 
rn-terphenyl 	0.025 % 	All w/v 
Nitrobenzene 0.06 % in n-heptane 
2,6-dinitrotoluene 0.05 % 
Note that a larger 70cm 3 capacity reservoir was used. The 
reservoir lid had a 1/4" union fitting in it to allow the column to be 
secured directly to the top of the reservoir. 	 - 
Note that this h,v plot has already been presented in Chapter 5 
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The eluent was Hexane + 0.1% methanol. 
Duplicate injections of the above test mixture were made at a 
flow-rate of 1cm ruin with the UV detector to allow measurement of 
reference band widths. 
7.5.2.2 Packing and testing the narrow-bore packed column 
A 460mm length, 1.1mm diameter narrow-bore column packed with 
Partisil 5 at 6000 psi using a stirred reservoir slurry technique 
was used. This column was designated Column 26 in Chapter 6. Details 
of the packing procedure are given in Section 6.3.2.2.2.1. 	A slurry 
concentration of 1.75g of Partisil to 35cm 3 of carbon tetrachloride 
was used (h) 
The chromatographic hardware used to test this column consisted 
of an Altex lOOA constant-flow pump, Valco ½u1 injection valve and 
a modified Cecil CE212 UV photometer with the Mkl li.il flow cell 
design. Details of this system are given in Chapter 6 (Section 
6.3.2.3). 
The test mixture used to obtain the test h,v plot (Figure 7.9) 
was: - 
Toluene 	0.20 % 
Anisole 0.12 % w/v in n-heptane 
Nitrobenzene 0.01 % 
The eluent was hexane + 0.2% methanol. 
As with the analytical column, duplicate chromatographic runs were 
performed (at a flow-rate of 0.lcm3 min- 1 ) to allow measurement of 
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Note that a 35cm 3 reservoir was employed. 
This Figure has already been presented in Chapter 6 (Figure 6.33) 
and is presented again at this point for convenience. 
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7.5.3 Measurement of band widths with the moving belt interface 
As already mentioned earlier, a multi-ion scan (MID) was used 
to detect an ion characteristic of each solute in the test mixture. 
Unfortunately, of the four solutes in the test mixture, only 
m-terphenyl (nile 230 monitored) was found to give a strong enough 
signal to produce a reasonable peak shape 	. 	It is thought that 
the other solutes present in the test mixture produce weak signals 
because they are too volatile, most of the sample being lost before 
entering the source. As a result, only the band widths for the 
solute m-terphenyl have been recorded. The widths were taken from 
single ion chromatograms produced by the Finnigan computer system 
from the original MID scans. Examples of the single ion chromatograms 
are given in Figures 7.13 - 7.15. 
The following sample loadings were chosen for the belt interface 
experiments. 
Analytical column 	10.t1 of 0.02% m-terphenyl 
solution (w/v) 	 2.ig ni-terphenyl 
(Taken for both direct and split experiments) 
Narrow-bore packed 	½i. 1 of 0.04% ni-terphenyl 
column 	 solution (w/v) 	 0.2ig m-terphenyl 
These sample loadings give similar concentrations on the belt 
when the respective flow-rates are taken into account. 
7.5.3.1 Conventional analytical column, total column effluent taken 
onto belt system 
The analytical column was linked to the belt interface using the 
technique outlined in Figure 7.10. A 100mm length of 0.25mm bore 
stainless steel feed tube was used to carry the column effluent from 
the base of the column to the belt. 
(j) Samples present at very low levels produce very poor peak shapes. 
1L1 
Figure 7. 10 Diagram illus tra fing the connecting 
system util ised for linking both the 
analytical and narrow-bore packed 
columns to the moving belt interface 
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Duplicate 101 samples of a 0.02% (w/v) solution of m-terphenyl 
were injected at an eluent flow-rate of lcm 3 min - 1 . The eluent was 
hexane + 0.1% methanol. The flow-rate was checked from time to time 
to ensure that it was not fluctuating. 
7.5.3.2 Conventional analytical column, column effluent split to 
produce a lower flow-rate to belt system 
With this configuration, the Finnigan splitting device supplied 
with the interface was employed. Essentially, this device was just 
a simple metering valve which is connected to the column outlet 
allowing the flow onto the belt to be adjusted. A diagram of the 
apparatus is given in Figure 7.11. 	A fine glass capillary tube 
is used to supply effluent to the belt. 
Duplicate, 10il samples of a 0.02% (w/v) m-terphenyl solution 
were injected at a flow-rate of lcm3min 1 . 	The correct flow-rate 
onto the belt (0.lcm3 min- 1 ) was found by measuring the by-pass 
flow-rate and altering the needle valve accordingly. 
7.5.3.3 Narrow-bore packed column, total effluent taken onto 
belt system 
The narrow-bore packed column was linked to the interface via 
a 100mm length, 0.25mm bore stainless steel feed tube in a similar 
manner to that described for the connection of the conventional 
analytical column to the belt (See Figure 7.10). 
Duplicate, ½jil samples of a 0.04% (w/v) solution of m-terphenyl 
were injected onto the narrow-bore packed column using a Valco ½i.il 
injection valve. The flow-rate used was 0.lcm3 min- l (checked 
periodically) and the eluent was hexane + 0.1% methanol 
(]) This eluent was from a large batch of eluent that was prepared 
at the outset of the experiment in an attempt to keep retention 
figures the same in both the UV and MS experiments. 
1L7 
Figure 7. 11 Diagram illustrating the connecting 
system ut/used to link the analytical 
column split-flow configuration to 
the moving belt interface 
Section through centre 
of apparatus 
/ 
Conner f/on to 
analytical column 
Needle valve 
(controls split. ratio) 
P TFE ferrules 
used throughou t 
PTFE feed tube 




- 	union (modified) 






Glass feed tube 
("9cm length ,"0.15mm 
bore) 
7-30 
7.5.3.4 Notes concerning the operation of the interface and mass 
spectrometer 
The mass spectrometer used was a Finnigan 4000 equipped with a 
quadrupole mass filter. 
The results obtained in this section on band broadening were 
produced with the LC interface box sealed off from the atmosphere 
(i.e. the box was under partial vacuum). 
The infra-red heater which is located in the roof of the LC 
interface box and is used to evaporate the eluent from the belt 
before it enters the ion source was run at the 50% level during 
all experiments. 
For the experiments performed in this section, the following 
instrument settings were employed:- 
Manifold temperature: 











7.5.3.5 Discussion of results 
On consideration of the results summary table for the band 
broadening experiment, Figure 7.12, it is clear that the performance 
of the Finnigan 4000/moving belt interface combination is much 
poorer than the conventional UV detection system in terms of the 
degree of extra-column dispersion it produces. The analytical 
column for example, at a flow-rate of lcm 3 min 1 , gave a 4a band width 
of 8 seconds with UV detection while under the same conditions with 
the interface system (where the total column effluent was taken 
onto the belt) a 4c band width of 14 seconds was observed. This 
increase in peak width corresponds to an extra-column dispersion 
figure (4a) of 190iil over and above that produced by the UV detector 
under the same conditions. It is interesting to note that this 
figure is of the same order as that determined for a commercial 
LC system (See Section 5.2.2). 
Figure 7.12. Summary of results obtained from band broadening experiment-data presented is for solute m-terphenyl 
Column type/ Run 
t 
Peak width Average Extra dispersion Average Extra dispersion 
Arrangement Code - N Peak width over and above Peak width over and above s 
that produced ill that produced s 
by UV system by UV system 
(40 (40 (40) 	(1) (4ci) (1) 	(4a) 
UV detection - 239 13000 8.3 
8.0 - 130 - 
g Flow-rate lcm3min 1 - 241 15000 7.8 
8 MS interface 0K3 282 11000 11 
fa total effluent taken 14 11 230 190 
•d onto belt 
3 	1 
Flow-rate 1cm min 0K4 282 4600 17 
MS interface 0K7 281 5000 16 
Flow split- 
0.1cm min 	taken 
16 14 27 23 
onto belt 0K8 274 4900 16 
UV detection - 243 6100 13 
13 - 21 - 
0 
Flow-rate O.lcm3min 1 - 246 6100 13 - 
2 U MS interface 0K9 280 4500 17 
total effluent taken 
17 11 28 19 
onto belt 	
-1 
Flow - rate 0.1cm mm 0K10 295 4400 18  
(1) Extra dispersion over and above that produced by UV system =V[(Average peak width MS) 2 -(Average peak width uv)21 
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As regards the most satisfactory column configuration for use 
with the interface, it appears that all the configurations tested 
produce similar band widths (in time units). This is a rather 
unusual result which suggests that the instrument might have what could 
be described as a 'hold-up time', i.e. regardless of the length of 
sample on the belt, the resulting .band width cannot be less than some 
particular value. This value appears to be in the 14-15 second region. 
If this is indeed the case, then there would appear to be little 
point in connecting high efficiency, short analytical or narrow-bore 
packed columns (which produce very narrow solute bands) to the 
system. 
A high 'hold-up time' may be a product of the interface design. 
For example, inadequate pumping in the region between the point of 
volatilization and the source could lead to the situation where a 
considerable amount of solute vapour is trapped in the system for a 
short period. Improved pumping in the problem region may decrease 
the 'hold-up time' but inevitably, sensitivity would suffer as a 
result of less sample reaching the source. 
Generally, the peak shape obtained from the MS system in these 
experiments was reasonable (see Figures 7.13 - 7.15). 
7.5.4 Measurement of noise levels produced by the three column 
configurations 
In this section of the experimentation, typical analytical MS 
operating conditions were used in an attempt to establish representative 
noise levels for the three column configurations. In order to achieve 
this, instead of the multi-ion detection (with one scan over 4 
selected ions every second) which was used for the band broadening 
studies, all the ions from m/e 90-300 were scanned every 5 seconds. 
Sample loading was as follows:-
Conventional analytical column 
lo-, l of 0.2% (w/v) solution - equivalent to 20g of 
of m-terphenyl 	 m-terphenyl 
Figure 7.13 LCJ'MS band broadening expts. - plots of 
m/e 230 abundance vs. time for the 
100. 
analytical column direct configuration 
282 	
397312 
MID MASS CHROMATOGRAM 	 DATA: 01<3 *278 
07/30/81 13:52:08 	 CALl: CAL0707B *6 
SAMPLE: STD.TEST MIX 0.82TER10UL 
RANGE: G 	1,2083 LABEL: N 8, 4.0 QUAN: A 0 1.8 BASE: U 28, 3 








Baseline peak width estimated 






4:48 4:45 4:50 
MID MASS CHROMATOGRAM 	 DATA: 01<4 *1 
07/30/81 14:31:88 	 CALl: CAL0707B #6 
SAMPLE: STD.TEST MIX 0.02TER10UL 









Baseline peak width 
estimated to be 17s 
4 	31 
280 	 290 	 :300 	 310 	 320 	 338 SCAN 
4:40 4:50 5:08 5:18 5:20 5:38 TIME 
109.0-1 
I -. q. 
Figure 7.14 LC/MS band broadening expts.- plots of 
m/e 230 abundance vs. time for the 
28, an aly tic at column split flow system 110848 
MID MASS CHROMATOGRAM 	 DATA: OK? *345 
07/31/31 10:37:09 	 CALl: CAL07078 #6 
SAMPLE: 5Th TEST MIX 0.027.TER IOIJL 
RANGE: G 	1,1987 LABEL: N 0 4.0 QUAN: A 0 1.0 BASE: U 20, 3 





Baseline peak width 




279 	 280 	 290 	 308 	 310 	 320 	 330 SCAN 
4:30 4:40 4:58 5:00 5:10 5:20 5:30 TIME 
274 
A 	 38368 
/ I 
MID MASS CHROMATOGRAM 	 DATA: OKS *317 
07/31/81 11:12:00 	 CALl: CAL07078 #6 
SAMPLE: 5Th TEST MIX 9.02ZTER 1OUL 
RANGE: C 	1,1737 LABEL: N 0, 4.0 QUAN: A 0 1.9 BASE: U 20, 3 
I 	 SCANS 253 TO 317 
230 230.09' 
± 0.50' 
Baseline peak width 
estimated to be 16s 
260 
I 
279 288 239 
- 
300 319 SCAM 




Figure 7.15 LC/MS band broadening expts. - plots of 
m/e 230 abundance vs. time for the 
narrow-bore packed column 
280 100.0-1 47104 
278 	282 
MID MASS CHROMATOGRAM 	 DATA: 0K9 #388 
07/31/81 13:38:00 	 CALl: cAL0707B #6 
SAMPLE: STD TEST MIX 0.042 0.5UL 
RANGE: C 	1..1633 LABEL: N 0 4.0 GUAM: A 0 1.0 BASE: U 20, 3 
1/ 	
• 	 / ½ 





Baseline peak width 
estimated to be 17s 
278 	275 	280 	285 	290 	295 	300 	385 	310 SCAN 
4:30 4:35 4:40 4:45 4:50 4:55 5:00 5:05 5:10 TIME 




I 	MID MASS CHROMATOGRAM 	 DATA OK10 #331 
07/31/81 14:07:00 	 CALl: CAL0707B #6 
SAMPLE: STD TEST MIX 0.04% 0.5UL ~ PAWCF!r 	1,22A1 LABEL: N 0, 4.0 GUAM: A 0, 1.0 BASE: U 20, 3 
288 	 285 	 290 	 295 	 :300 	.305 	318 	315 	328 SCAN 
4:48 4:45 4:50 4:55 5:00 . 	 5:05 5:10 5:15 - 5:20 TIME 
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Narrow-bore packed column 
½.zl 0.4% solution of - equivalent t 	of 
m-terphenyl 	 in-terphenyl 
The techniques for connecting the different column configurations 
to the belt interface were as for the band broadening studies already 
described. Again, as with the band broadening studies, replicate 
injections were made for each of the three column configurations. 
The data system on the Finnigan 4000 instrument was used to print 
amplified baseline traces. This allowed a more accurate measurement 
of the noise levels. The m-terphenyl peak was also hard - copied 
(by displaying the 230 m/e ion) to allow measurement of the peak 
width. With the peak width, the noise level and the amount injected, 
the noise equivalent concentration can be calculated. 
It must be noted that in this set of experiments the LC interface 
box was run at atmospheric pressure with the exception of one run 
(narrow-bore packed column), where the interface box was run under 
similar conditions to those used in the band broadening experiments. 
This was to allow a comparison of the noise levels produced by the 
two configurations and consequently identify the most satisfactory 
arrangement. 
Instrumental settings. 
As for band width experiments with the exception of:- 
Electron multiplier : -1700V 
Sensitivity 	: 	10 8 Amps/volt 
7.5.4.1 Calculation of noise levels 
Noise levels were calculated using the total ion current (RIC) 
traces only. The following procedure, which is divided into five 
stages below, was used:- 
1) Calculation of the noise level as a percentage of the m-terphenyl 
signal intensity. 
Initially, a baseline was drawn through the amplified noise on 
the total ion current chromatogram. A band roughly encompassing 
7-37 
the span of noise levels was then drawn. An example is given in 
Figure 7.16. This shows a total ion current chromatogram in both 
standard and amplified format. 
The intensity of the strongest signal on the chromatogram is 
given at the top right hand corner of each trace in arbitrary units. 
This figure is taken to be 100% RIC (total ion current) and is due to 
the solute m-terphenyl. Working with the amplified PlC trace, the 
intensity figure has been adjusted to take into account the fact that 
the baseline does not follow 0% RIC. The width of the noise level 
band was then established and this figure was expressed as a percentage 
of the m-terphenyl signal intensity. 
Calculation of the peak maximum concentration 
Knowing the flow-rate, solute band width and sample load, it is 
possible to calculate the peak maximum concentration. For example, 
with a 2.ig sample and a solute band width of 0.034cm 3 , the peak 







Calculation of the noise equivalent concentration (NEC) 
The noise equivalent concentration is the concentration which 
will give the same signal level as the noise. If therefore, the peak 
maximum concentration is 1.2 x 10 -4 gcm-3 and the noise level as a 
percentage of the m-terphenyl signal intensity is 1.6% then the NEC 
will be:- 
1.2 x l0 	
x 1.6 	= 	1.9 x 10gcm 3 
100 
Calculation of the minimum detectable quantity 




Figure 7.16 LC/MS no/se level expts - example of 
a total ion current trace (narrow - 
packed column) 
371208 
Wj 	 1I3 	 150 	 200 	 250 	 300 	 350 	SCAN 
4:10 8:20 12:30 16:40 20:50 25:00 29:10 TIME 
10.0-1 	 -- 	
37120 
121 	 348 r I 	 H! 251 313 I'll 	 - 	 1 260 1 	 1 1 
Band encompdssing noise 
Amplified version of 
above trace 
RIC DATA: 0K13 *159 	SCANS 	1 TO 375 88/04/81 10:13:00 	 CALl: FC2 *1 
SAMPLE: STO 	TEST MIX 0.47 0.5UL 
RANGE: G 	L, 375 LABEL: 14 8, 4.8 QUAN: A 0, 1.0 BASE: U 20 	:3 
50 	 100 	 150 	 200 	 250 	 300 	 -3150 	SCAN 4:10 8:20 12:30 15:40 28:50 25:00 29:10 TIME 
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5) Calculation of the noise equivalent rate (NER) 
This parameter is a measure of the sample mass per second that 
produces a signal equivalent to the noise. It is obtained from the 
product of the noise equivalent concentration and the eluent flow-rate 
onto the belt. 
7.5.4.2 Discussion of results 
Figure 7.17 is a summary of noise data obtained from each of the 
three column configurations tested. The most satisfactory column 
arrangement can be ascertained by consideration of the noise equivalent 
rate figures as these allow the most meaningful comparison of the data 
to be achieved. It is clear from these figures that the narrow-bore 
packed column with the column effluent taken directly onto the belt 
appears to produce the highest noise levels of the three systems 
tested while the two analytical column configurations produce 
results which, although in closer agreement, suggest that the 
split-flow arrangement is superior. From the results, the minimum 
detectable quantity for m-terphenyl (k'=0.3) for the two analytical 
column arrangements appears to be in the region of 10-20ng while 
with the narrow-bore packed column the figure is higher at approximately 
3Ong. 
It is considered that the reasons for the poor noise levels 
obtained with the narrow-bore packed system relate to the use of the 
stainless steel feed tube which was employed to carry the column 
effluent to the belt. At low flow-rates, the fine stainless steel 
delivery tube system produces uneven flow onto the belt, i.e. the 
width of the eluent band on the belt is not constant. This is 
thought to lead to the higher noise levels observed with this 
configuration. At low flow-rates the best noise levels appear to be 
obtained when the capillary glass feed tube is employed (see results 
for the analytical column split-flow configuration). This type of 
arrangement gives smoother flow onto the belt and this is thought to 
be the reason for the lower noise levels observed. Clearly, from 
this, it can be concluded that a glass capillary feed tube should 
be employed for all column configurations. Note that at higher 
Figure 7.17. A summary of the noise level data obtained for three different column configurations with the 
Finnigan 4000/moving belt interface. 
Column type/arrangement Run MS source Peak width Noise level as Noise Noise Minimum 
Code pressure (4) % of m-terphenyl equivalent equivalent detectable 
signal intensity concentration rate quantity (o) 
mxnHg $ il -1 ng -3 gem g 
Total column effluent 01(16 3.1 + 0.1 x 10 15 240 0.025 4.2 x 10 7.0 x 101 10 
taken onto belt - 6 - 8 - 10 




6 lQ io Flow split 0K18 3.1 + 0.1 x io_ 25 42 0.25 2.4 x l0 4.0 x 10 
0.1cm3min1 
taken onto belt 0K19 3.0+0.1 x 
-6 
10 27 46 0.38 
-7 
3.3 x 10 5.5 x 
.10 
10 15 
OK12 -6 -7 -9 
w 
Total column effluent (n) 3.0 + 0.1 x 10 30 50 




.4 taken onto belt 
Flow-rate 0.1cm min OKl3 1.7 + 0.05 x 
-6 
10 20 34 1.6 
-6 




LC interface box closed to atmosphere in this run - all other runs LC interface box at atmospheric pressure 
2pg sample load - all other runs 20pg load 
Assumes k' = 0.3. Note that the minimum detectable quantity figure will depend strongly on the column 
dimensions, flow-rate and k' value 
4. 
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flow-rates (analytical column direct configuration) the stainless 
steel delivery tube does not appear to suffer from the disadvantages 
it does at lower flow-rates. This is understandable, however, when 
one considers that in this situation there is enough solvent issuing 
from the capillary to completely fill the belt width. 
One suggestion as to the cause of the apparent superiority of 
the analytical column split configuration over the direct arrangement 
arises from close examination of the m-terphenyl peak intensity 
figures p obtained for each configuration. 
Configuration Run code Intensity 
Analytical OK 16 99000 
column - direct OK 17 114000 
Analytical OK 18 20000 
column - split OK 19 15000 
Narrow-bore OK 12 16000 
packed column OK 13 26000 
While both the analytical column split and the narrow-bore 
packed column, as expected, give similar intensities (i.e. 2.ig 
effective load in each case), the peak intensity for the 
analytical column with the total effluent taken onto the belt 
system is very much lower than expected. In view of the fact that a 
20g load was used, one might have expected (assuming linearity) a 
peak intensity in the region of 200,000 instead of 100,000. 	Indeed, 
the analytical column direct peak is considerably narrower than the 
peaks produced by the other two configurations, a factor, which 
should, if anything, lead one to expect an intensity well over the 
200,000 mark. It would appear from the subdued signal intensity figure 
that more of the sample is lost before entering the source with this 
configuration than is the case with the other two systems. This would 
(p) Peak intensity figures are quoted in the top right hand corner 
of the mass chromatograms (Figures 7.18-7.20). These figures are 
in arbitrary units and a linear relationship between the intensity 
and sample mass has been assumed. 
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account for the observation that better noise figures (NER) are 
obtained with the analytical column split-flow system than with 
analytical column direct system, i.e. if higher peak intensities 
had been recorded for the analytical column direct system, the noise 
level expressed as a percentage of the m-terphenyl signal would be 
reduced resulting in a smaller NER figure, more in line with the 
one obtained for the analytical column split-flow configuration. 
As to the reason for the loss of sample in the case of the 
analytical column where the total effluent is taken directly onto the 
belt, it may be that when a large volume of eluent is placed on the 
belt and undergoes evaporation, considerably more of the solute is 
volatilized than is the case with a lower flow-rate. 
The peak shapes obtained from the total ion current monitor 
(rn/e 90-300) were in good agreement with those obtained in the 
band width experiments. These are presented in Figures 7.18-7.20. 
Only responses at m/e 230, characteristic of m-terphenyl have been 
drawn to allow the peak width to be obtained 
Finally, it may be concluded that operation of the interface box 
at atmospheric pressure as opposed to under partial vacuum produces the 
lowest noise levels (NER). One possible explanation of this observation 
is that evaporation conditions are more severe under partial vacuum 
and consequently, more sample is lost from the belt than would be 
the case if the interface box was operated at atmospheric pressure. 
(Compare the peak width of 30s obtained with the box at atmospheric 
pressure with a peak width of 20s with the system under partial 
vacuum). 
7.6 Summary of conclusions 
Band spreading experiments 
The Finnigan 4000/moving belt interface is a rather poor detector 
for LC producing an extra-column dispersion figure of about 190111 
NO over and above that produced by a good UV detector under the 
same conditions. 
All the column configurations tested produced similar band widths. 







Figure 7.18 LC/MS noise level expts. - plots of m/e 
230 abundance vs. time for the analytical 
column direct configuration 
100.0-, 	 33072 
MASS CHROMATOGRAM 	 DATA: OKIS #85 
08'04'81 15:07:00 CALl: CAL07278 #2 
SAMPLE: STO TESTMIX 0.27 1OIJL 
RANGE: G 	b 525 LABEL: H 0 4.0 QIJAN: A 8 1.0 BASE: U 20 3 
SCANS 50 TO 70 
230 	 230.001 
± 0.501 
Baseline peak width 
estimated to be 15 s 
	
50 	 55 	 60 	 65 	 70 SCAN 
4:10 4:35 5:00 5:25 5:50 TIME 
46 	 48 	 50 	 52 	 54 
.3:50 4:00 4:10 4:20 4::30 
SCAN 
TIME 
Figure 7.19 LC/MS noise level expts. - plots of m/e 
230 abundance vs. time for the analytical 
100. 
	 58 	 column split-flow configuration 	
20160 
MASS CHROMATOGRAM 	 DATA: 0K18 *98 
08/05/81 10:04:00 CALl: CAL07278 *2 
SAMPLE: STO TESTMIX 0.2X 1OUL 
RANGE: G 	l 237 LABEL: N 8, 4.0 QIJAN: A 0, 1.0 BASE: U 28, 3 




Baseline peak width 













MASS CHROMATOGRAM 	 DATA: 0K19 *86 
08/05/81 10:53:00 CALl: CAL07278 *2 
SAMPLE: STD TESTMIX 0.27 1OUL 
RANGE: C 	i 320 LABEL: N 0, 4.0 QUAN: A 8 1.0 BASE: U 20, 3 




Baseline peak width 
estimated to be 27s 
55 	 60 	 65 
4:35 5:00 5:25 
70 	 75 	 60 




Figure 7.20 LC/MS no/se level expfs. - plots of m/e 
230 abundance vs. time for the narrow- 
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As a result, there is little point in using short, high efficiency 
analytical or narrow-bore packed columns, capable of producing very 
narrow solute bands, with the system, as their full potential will 
not be realized. 
Noise level experiments 
The use of a fine stainless steel capillary to supply column 
effluent to the belt at low flow-rates should be avoided as such a 
configuration appears to produce relatively high noise levels. It 
is considered that if a glass capillary feed tube was used to supply 
the belt in all cases then all the configurations tested would produce 
similar noise figures. 
At high effluent flow-rates onto the belt system there appears 
to be a loss of sample which results in higher noise levels. In 
view of this, the use of a splitter system with the analytical 
column is recommended. 
The lowest noise levels are obtained when the LC interface box 
is operated at atmospheric pressure as opposed to under partial 
vacuum. 
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CHAPTER EIGHT 
Open-Tubular High-Performance Liquid Chromatography 
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In this work, soda glass tubing was used to prepare open-
tubular columns for liquid chromatography with internal diameters 
down to 18n. A reduced plate height/reduced velocity plot has been 
obtained for a 5.92m length, 18.im bore column. The results have 
been discussed in the light of present theory and have also been 
compared to data obtained by other workers in the field. All the 
columns prepared were operated in the adsorption chromatographic 
mode by etching the walls of the capillary tubing with caustic soda 
to produce a fine, porous silica adsorptive surface. 
The chromatographic hardware required for injection and 
detection with open-tubular columns has been obtained by modifying 
the miniature equipment that was developed for use with narrow-bore 
packed columns. For example, a modified version of the sample-
splitter injector was used for sample injection while the Mk2 
miniature flow cell designed in this work for use with a Cecil 
Instruments UV spectrophotometer was adapted to allow make-up 
liquid flow to be supplied to the column outlet. This is a popular 
way of circumventing the problem of confining the very small 
detection volume required for optimum resolution of the very narrow 
solute bands produced by open-tubular columns. 
8.2 Experimental 
8.2.1 Preparation of open-tubular columns for liquid chromatography 
- Drawing very narrow coiled glass capillary tubes 
A standard Shimadzu GDM-1B capillary glass drawing machine was 
used to prepare all the capillary tubing referred to in this chapter. 
Before being drawn, the stock glass tubing was thoroughly washed with 
hot water and detergent. After rinsing with acetone, the tubing was 
finally dried in a stream of air. 
The maximum drawing ratio (a)  available to the glass drawing 
(a) The drawing ratio is the ratio of the length of the capillary 
tube produced to the length of the stock tube used. The following 
equation can therefore be used to establish the internal or external 
diameter of a capillary tube drawn at a given drawing ratio, w. 
D' /l/w) *D where D' is the resulting diameter and D the starting 
diameter. 
machine was 160. Typical dimensions of the available stock glass 
starting material were 0.5 - 1mm ID and 5 - 8mm OD. 	This allowed 
capillary tubing with internal diameters down to approximately 40i.im 
to be prepared directly. The direct preparation of capillary 
tubing with internal diameters in the 20i.im range however, is not 
possible given the above limitations. The problem may be overcome 
by producing the capillary in two stages, a technique employed by 
Krejci et a1 1 . In the first stage approximately 2m lengths of 
straight 	capillary tubing are produced from stock tubing to give 
an outside diameter that will allow the tube to fit neatly into the 
original stock tubing. This composite tube is then drawn down and 
coiled (coil diameter 11cm) to give the desired internal diameter. 
Initial work utilizing the technique suggested by Krejci et al met 
with some difficulty as the capillary tubes produced were found to 
have a crescent shaped aperture between the inner and outer tubes. 
i.e. The inner capillary was only bonded to the outer at one point 
on it's circumference. Krejci et al make no mention of such 
problems and indeed an earlier paper by Tesarik 5 (one of Krejci- I s 
coworkers) contains an electron micrograph of an etched capillary 
tube (Fig. 3, P. 28) which appears to indicate a very good fit 
between the inner and outer sections. 
A relatively simple solution was found to this problem. 
Essentially, a tight fit between the two tubes was ensured by 
sealing the top of the inner capillary and applying a vacuum 
between the tubes once the drawing process had been initiated. 
With this technique, satisfactory results were obtained even with 
fairly loose fitting tubes. Although the furnace temperature was 
found to be critical, with the correct conditions, the resulting 
capillary gave no indication that it had been produced from a 
(c) 
composite of two tubes 	. A diagram giving the layout of the glass 
drawing machine and summarizing the most important points of the 
drawing process is given in Figure 8.1 while specific details of 
straight lengths of capillary tubing can be obtained by simply 
removing the coiling tube from the glass drawing machine. 
Capillary tubes were examined by electron microscope. 
Figure 8.1 Layout of glass drawing machine 
and details of the composite 
tube and vacuum line connection 



























the production of the 5.92m length, 18.jm bore capillary for which 
a reduced plate height/reduced velocity plot has been obtained are 
given in Figure 8.2. 
To facilitate connection of the capillary columns to the 
chromatograph, the ends of each coil were straightened to produce 
approximately 20cm linear sections. This was achieved by feeding 
the coiled tube ends very slowly into an electrically heated length 
of stainless steel tubing. 
The outside diameter of the capillary tubing was arranged to 
be in the region of 0.7mm. This allowed the tubing to be sleeved 
with a short length of PTFE tubing (1/16" OD = 0.75mm ID). This 
configuration was placed into a 1/16" Swagelok nut containing a 
PTFE ferrule. When the ferrule is compressed, the PTFE sleeve 
grips the glass capillary forming a seal which will withstand 
pressures of up to approximately 2000psi. An example of this 
sleeving procedure can be seen later on in this chapter when the 
sample-splitter injector is described. (See Figure 8.6). 
8.2.2 	Formation of a porous silica layer on the inside walls of 
very narrow capillary glass tubing. 
Much of the work reported in the literature 2-4 on the subject 
of etching very narrow capillary tubes for liquid chromatography 
appears to concentrate on the use of soda glass as opposed to 
Pyrex glass suggesting that there are certain advantages in using 
the former material. Ishii et al state that an etched Pyrex glass 
capillary gave poorer separations and lower retention volumes 
compared to soda glass columns indicating that Pyrex glass is 
probably more difficult to etch than soda glass. Despite this 
however, initially in this work, considerable effort was expended 
in trying to obtain satisfactory results from very narrow 
(d c = 201.'m) Pyrex glass capillary tubes. 	The reasons for this 
were essentially twofold. Firstly, the superior strength of 
Pyrex glass is a great advantage when working with very fine 
capillaries. It is far easier to perform the sleeve sealing 
procedure described at the end of the last section, for example, 
with Pyrex glass than it is with the more brittle soda glass 
Figure 8.2 Details of the two stage production of the 5.92m length, 
18i.im bore open—tubular column. 
Inner tube starting OD 6.6mm 
material dimensions 
ID 1.3mm 
Resulting dimensions OD 	0.8mm 
of inner tube after Furnace temp. 430°C 
first draw Drawing ratio 64. 
ID 0.16mm 
Outer tube starting OD 	6.7mm 
material dimensions 
ID 1.2mm 
Composite tube OD 	0.72mm 
dimensions Furnace temp. 510 C 
Coiling tube temp. 490 C 
NB. Tube resulting ID 18j.im Drawing ratio 100. 
from first draw of 
inner tube placed 
inside outer tube 
starting material 
and drawn. 
All glass used was soda glass obtained from Gallenkamp, Braeview 
Place, Nerston, East Kilbride, Glasgow, G74-Ni. 
capillaries. Secondly, soda glass is now rarely used in the 
laboratory and consequently it is not readily available, especially 
material of the correct dimensions for the present work. 
Tesarik 5  has suggested the use of the reagent tetramethylammoniuni 
hydroxide in methanol for etching Pyrex. Capillaries with diameters 
from 30- 200ijm and lengths from 25-80m have been successfully etched 
(layer thickness 0.3-50wn by sealing a 3-4% solution of the reagent 
into the capillary and allowing the tube to stand at 150-170 °C for 
2-24 hours. 
In the present work, Tesarik's etching technique was tried with 
Pyrex capillary tubes with internal diameters of around 2011m. Various 
° reagent concentrations and etching times were investigated at 170C 
but inevitably either very little etching would result or the tube 
would be completely blocked. On examination of the blocked tubes 
under an electron microscope, only a shallow etched surface was 
observed while a crystalline substance filling the complete bore of 
the tube was found to be responsible for the tube blockage. This 
crystalline deposit was thought to be the tetramethylamxnoniUlfl salt 
of silicic acid5 . The variable composition of the glass tubing used 
also created problems. For example, it was not uncommon to find 
that under the same conditions, two capillary tube samples produced 
from different glass starting materials would yield totally 
different results, one tube being blocked, the other clear. Obviously, 
with such a situation the optimum etching time will vary from tube 
to tube. 
It is considered that the static etching procedure described 
which appears to be favoured by all of the workers who have published 
results to date, is not the most satisfactory means of etching very 
narrow capillary tubes where there is only a limited capacity to 
accommodate the reaction products arising from the etching process. 
A dynamic etching technique may prove to be more successful in 
overcoming the tube blockage problems. With such a technique, the 
reagent would be continuously pumped through the capillary tubing 
and any salt produced would be swept away to waste by the flowing 
reagent before blockage could occur. 
Unfortunately, due to the difficulties encountered, time became 
short and work on etching Pyrex glass capillaries and the development 
of a dynamic etching process was abandoned to allow more effort to 
be concentrated on the etching of soda glass capillaries. This 
work had been running in parallel with the Pyrex work for some time 
and had shown promising results right from the outset. 
Essentially, the etching technique suggested by Ishii et al 3 
involving 1M NaOH was used. The method, a static technique, involves 
sealing the reagent into the capillary tube and allowing it to stand 
at approximately 50 °C for 48 hours. Ishii et al have reported 
promising results with tube bores down to 50Mm. More recently, 
Tsuda and Nakagawa 
6 
 and Tsuda et al 
11 
 have reported a slightly 
(d) 
modified technique's success with tube bores down to 20inn 
The etching process was carried out by linking the capillary 
tube to a small stainless steel reservoir (1/2cm 3 volume) using the 
PTFE sleeving technique described earlier. lM NaOH was placed into 
the reservoir and after sealing, the alkali was driven via a 7Mm 
porosity Nupro stainless steel filter 
(e)  into the capillary using an 
air-driven pressure intensifier. With a Sm length, 20Mm bore tube, 
a driving pressure of 1000psi would allow the tube to be filled in 
approximately 15 minutes. When the entire tube length was occupied 
by alkali, the tubing was removed and approximately 10cm lengths of 
capillary tube at each end of the coil were cleared of caustic soda 
by attaching the coil to a nitrogen gas cylinder via a pressure 
regulator. These vacant lengths of tubing were to permit expansion 
during heating. The tube ends were sealed by gentle heating in a 
micro-Bunsen flame and the coil was placed in a GC oven maintained 
at 50°C for 48 hours. Finally, the alkali was completely displaced 
from the coil and the tube was washed with ethanol. After removing 
Tsuda and Nakagawa have published results for tube bores of 
30-40Mm - lM NaOH was employed, the etching time was 24 hours at 52 C. 
Tsuda et al have reported results for a tube bore of 20Mm - Here the 
NaOH coricentratign was reduced to 0.5-0.7M. The etching temperature 
and time were 50 C and 18 hours respectively. Note that in these 
two references the capillary tubing was etched to support a liquid 
stationary phase for liquid-liquid partition chromatography. 
Nupro Company, 




the ethanol with nitrogen gas, the column was activated at 200 C in 
a GC oven with a nitrogen purge for approximately 20 hours. The 
column was then made ready for operation by removing approximately 
20cm lengths of tubing from each end of the coil (i.e. the lengths 
that had not been etched) and again straightening an approximately 
20cm length at either end to permit connection to the chrornatograph. 
The technique described is unpredictable and occasionally the 
0 
tubing was found to be completely blocked after 48 hours at 50 C. 
This unpredictable behaviour was probably caused by variations in 
glass composition. It is considered that the technique would 
benefit from the application of the dynamic etching procedure 
outlined earlier when the Pyrex glass etching work was being 
discussed. 
Electron micrographs of the adsorptive silica surface of two of 
the columns for which results have been presented are given in 
Figures 8.3 and 8.4. 
Figure 8.3 - Three electron micrographs of a 6m length, 70pm bore 
column at various magnifications. 
Figure 8.4 - Two electron micrographs of the 5.92m length,18i.im bore 
column for which a reduced plate height/reduced velocity 
plot has been obtained. 
8.2.3 Sample injection 
Sample loading was achieved by using a modified sample-splitter 
injector similar to that already described (Section 5.3.2.3). 
Diagrams of the injection system are given in Figures 8.5 and 8.6. 
Figure 8.5 gives a summary of the configuration of the hardware 
employed while Figure 8.6 gives specific details of the heart of 
the injector, a 1/16" Swagelok union tee. Essentially, the tee piece 
was linked to a Valco 2pl (internal cavity) injection valve via a 
30mm length of 0.25mm bore, 1/16" OD stainless steel feeder tube. 
The capillary column was allowed to protrude into the central 
section of the union tee to a point just short of the outlet from 
the feeder tube. The column was held in place and sealed by the 
PTFE sleeving arrangement described earlier. 
8-11 
Figure 8.3 Electron micro graphs of the 6m  
70,umopen-tubular column 
View across end of column x 1300 
20p. 
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Figure 8.3 Electron micrograph of the 6 in 
70jim open-tubular column 







Etched surface x27000 
8-13 
Figure 8.4 Electron micrographs of the 5.92 
m x 18pm open-tubular column 




Figure 8.5 Details of the hardware used 
with the sample-splitter in 
system 
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Figure 8.6 Internal detail of the splitter 
union tee 








in bore ) 
.75mm LB.) 
The injection technique used was similar to that given for 
the original design which was operated with the glass bead columns. 
Both a constant-flow pump 	and a constant-pressure pump 	were 
utilized. 
Injection was achieved in the following manner:- 
(See Figure 8.5) The sample was loaded onto the top of the column 
using the constant-flow pump by firstly ensuring that the constant-
pressure pump was isolated (Valve B closed). With the constant-flow 
pump running at lcm 3min and with the column head pressure needle 
valve (Needle Valve 2) switched into the system (Valve D closed, E 
open) the pressure on the head of the column (the loading pressure) 
was adjusted to a suitable value (typically 200psi). Sample was 
fed into the splitter unit by activating the Valco 2Ml injection 
valve. After a short interval (typically 5 seconds or less) during 
which time a small amount of the sample was taken onto the top of 
the open-tubular column, the main splitter outlet valve (Valve D) 
was opened. This provides a low resistance path to waste with the 
result that the column head pressure quickly falls away to zero. 
The injection system was then washed free of unwanted sample by 
continuing to allow the constant-flow pump to push solvent through 
the splitter tee and out via Valve D. A washing period of approximately 
60 seconds was generally found to be satisfactory. Finally, the 
sample was eluted by closing both Valves D and E on the outlet tee, 
the constant-flow pump was stopped and the constant-pressure pump 
which had been preset to the desired pressure before the sample 
loading procedure began was switched into the system by opening 
Valve B. Using this technique, the set pressure was quickly 
established once Valve B was opened (typical time to reach a high 
elution pressure - 2 seconds). It must be noted at this point that 
this was the primary reason for employing the constant-pressure 
PUMP. 
This was a 75cm3 capacity pump of the screw jack type - Applied 
Chromatography System Ltd., Luton. England. Model 750-02. 
This was a small home-made air-driven pressure intensifier. 
The pump was designed and built in Edinburgh by Dr. R.A. Wall. 
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The various other valves located throughout the system allow 
very low flow-rates to be achieved. For example, closing Valve A 
redirects solvent from the constant-pressure pump through a 
resistance 	to produce a suitable flow-rate for feeding to Needle 
Valve 1 (Valve C open) which allows very low flow-rates to be 
directed to the open-tubular column. 
NOTE 
Valves A, B, C, D and E were all Whitey 1/4" on/off valves. 
Whitey Co 318 Bishop Rd. 
Highland Hts. 
Ohio 44143. 
Needle Valve 1 was purchased from Nagretti Zambra (Aviation Ltd.) 
Needle Valve 2 was obtained from Nuclear Enterprises Ltd., Bank 
Head, Medway, Edinburgh. 
Optimum injection conditions for each individual column were 
established by eluting the sample at the loading flow-rate. 
Essentially, this technique involved adjusting the column head 
pressure to ensure the injected sample band moved only a negligible 
distance down the column during loading. A similar experiment was 
also performed for the washing stage where attempts were made to 
elute the sample under washing conditions. Again, this experiment 
allowed one to ensure that there was little band movement before 
the true elution stage. Once the optimum combination of loading 
(h) The resistance was a conventional packed analytical column. 
This served the purpose of restricting the output flow from the 
constant-pressure pump. It also gave the pump a back-pressure to 
work against as this type of pump does not function well at 
pressures below approximately 500psi. 
Note that the reason for using the constant-pressure pump rather 
than the constant-flow pump to supply eluent to Needle Valve 1 to 
obtain low flow-rates was simply because of the limited 75cm 3 
pumping capacity of the constant-flow pump, i.e. In many cases, 
flow-rates were so low that elution times were typically 1-2 hours. 
Using the constant-flow pump to supply the eluent to the needle 
valve would have meant that the elution would have had to be 
interrupted to allow the pump to be refilled. 
Mrai [a ii 
pressure, loading time and washing time had been achieved, the 
amount of sample taken onto the column was further decreased (by 
either lowering the loading pressure or loading time or both) until 
the plate number count at a given elution rate was constant and the 
peak shape was satisfactory. In this manner, the problem of sample 
overloading was minimized(1. 	With the 5.92m length, 18.im bore open 
tubular column (for which experimental reduced plate height/reduced 
velocity data has been obtained), the sample injection conditions 
chosen were:- 
Loading phase - 5 seconds, column head pressure 200psi. 
Washing phase - 60 seconds, column head pressure Opsi. 
Elution phase - desired pressure. 
8.2.4 Detection 
A modified Cecil CE212 UV spectrometer was used to detect the 
solute bands leaving the open-tubular columns. This instrument had 
had the standard deuterium lamp and power supply removed. This 
light source was replaced by a more powerful du Pont mercury penlight 
lamp with its own power supply. With this configuration the 
instrument was restricted to single wavelength operation (254rim). 
The Mk2 miniature flow cell designed in this work (Section 
4.2.2) was employed. This has been used with the piston which allows 
access for a 1/16" OD tube to within 1mm of the ljl flow channel. 
As it was not possible to reduce the size of the flow cell to below 
1il due to various limitations 	, make-up flow has been used to 
Unfortunately, with the 18.im bore column, severe problems were 
experienced with poor peak shape for retained samples and lack of 
retention. The problems may have arisen due to a number of 
reasons which will be discussed fully in the discussion of results 
section. 	It must be noted at this point, however, that due to 
uncontrollable factors it has not been feasible to completely rule 
out the possibility of sample overloading. 
These limitations relate to the difficulty of getting 
sufficient energy into a very small flow cavity and also the 
extreme fabrication problems associated with actually constructing 
a very small flow cell. 
prevent the very narrow solute bands produced by open-tubular 
columns, from spreading into the relatively large flow cell. A 
diagram of the make-up flow system is given in Figure 8.7. 
Essentially, a short length of stainless steel tubing (1/16" OD 
0.75mm ID) has been inserted to the base of the top piston. The 
capillary column runs through a 1/16" tee piece and down through 
the 0.75mm ID tube to the base of the piston. Make-up flow, 
pumped into the side arm of the tee-piece is flushed down between 
the glass capillary and the stainless steel tube. There is a 
small mixing zone where the glass capillary stops just short of 
the base of the piston. Here, the two flows are mixed and presented 
to the flow channel via the 1mm depth, 0.25mm aperture in the 
face of the top piston. 
A make-up flow-rate of 0.5cm3min- 1  was chosen after testing 
a number of flow- rates (0.2, 0.5 and lcm3min 1 ). 	Essentially, the 
peak width obtained in each case was unchanged. An unusual result 
however, was the observation that no drastic change in peak 
intensity occurred over the range of flow-rates studied. This 
suggests that mixing of the two flows is incomplete. i.e. One 
would expect that, the higher the make-up flow, the greater the 
dilution and consequently the smaller the detector response should 
be. This effect is difficult to explain. One possibility is 
that within the flow channel there are a number of flow streamlines 
of widely differing velocities. It is thought that over the make-up 
flow-rate range examined, the solute molecules from the open-
tubular column must enter a low velocity flow streamline. 
Consequently, these solute molecules will stay in the flow channel 
for a similar time period irrespective of the make-up flow-rate 
with the result that the response appears to be independent of 
make-up flow-rate. 
The make-up flow was delivered by an Altex bOA constant-flow 
pump via a packed column resistance to minimize pulsing. With 
typical column flow-rates in the region of bO to 10 -2 ill s 1 
produced by the 5.92m length, l8im bore column, make-up flow 
should theoretically cause a 1O 3 to lO dilution of the sample. 
Unfortunately, it is not possible to calculate the experimental 
dilution because the sample-split ratio is unknown. Tijssen et al 
for example, have utilized make-up flow-rates of between 0.3 
UL V 
Figure 8.7 Details of the make — u flow 
arrangement 
Section through 
centre of ______ - Column 
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and sleeve tube sleeve tube A llo  (1116ut20çO. 7510.) 
Drilled-  Liquid 	S 	 I 00 
I POP effected by P. OWN up 	end cap 
PTFE ferrule 	 PAN 
VIA  ,, p isto n   
Feed tube to Make-up flow 
flow channel mixing cavity 
("4mm length, 
0.25mm bore)  
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lcm3min with the various open-tubular columns they describe. 
8.2.5 General experimental details 
In an attempt to maintain steady retention figures, a closed 
solvent system was employed. This allowed all the waste eluent 
to be recirculated. 
HPLC grade hexane (Rathburn Chemicals Ltd.) was used as eluent. 
Before use, the hexane was dried by allowing it to pass through a 
bed of activated silica gel (activated at 2000C for approximately 
2 hours in a vacuum oven) . The eluent was degassed frequently 
by reflux. 
8.3 	Discussion of results 
Results are presented for two open-tubular columns, a 6m 
length, 70n bore column and a 5.92m length, 18m bore column, 
both operated in the adsorption chromatographic mode. A 
chromatogram obtained with the 70i.im bore column of a mixture of 
toluene, anisole and nitrobenzene is presented in Figure 8.8. 
Relevant instrumental details are given in the Figure. Note that 
this column was prepared in a similar manner to the 18'im bore 
column for which construction details have been given earlier. 
As the column bore was 70im however, it was possible to produce 
it directly from the stock glass starting material in one 
drawing operation. Unfortunately, due to problems concerned with 
reproducibility of retention, it was not possible to obtain an 
h,v plot for this column. 
A chromatogram of a mixture of toluene, o-terphenyl and 
nitrobenzene obtained with the 18pm bore column is given in 
Figure 8.9. 	Again, instrumental details are presented in the 
Figure. Although problems were experienced in obtaining a 
suitable degree of retention, an h,v plot has been obtained 
for this column. This is presented in Figure 8.10. 	A summary of 
chromatographic parameters for a range of velocities used to generate 
the h,'v plot is presented in Figure 8.11. 	The eluent used to 
obtain these results was hexane + = 0.1% isopropyl alcohol. 	The 
test solution was:- 
Figure 8.8 Chromatogram of a three component mixture 
obtained with a 6m 'ength, , 70 jim bore opg- 
tubular column 
Injection  
0.01 Absorbance units 
Chromatographic mode 	 Adsorption 
Eluent 	 Hexane 
UV nvnitor 	 : 	254 nin 











Figure 8.9 Chromatogram of a three 
component mixture obtained 
with the 5.92 -m I e ngjh, 1 8,u_m 
bore open-tubular column 
Chromatographic mode : 	Adsorption 
Eluent 	 : 	Hexane + ''0.1% IPA 
UV monitor 	 : 	254 m 
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h v - 
p1 pis 
-1 hØ 
1 0 179 - 5.9 x 10' 100 5.6 161 6.3 x 10 8.4 x 10 9.6 x 
10  
0.1 198 3.8 x 10 160 8.6 156 8.5 x 2.3 x 10 
2 0 268 - 7.3 x l0' 81 4.5 108 5.6 x l0 5.6 x 10 6.2 x 10 2 
0.1 295 3.9 x 1O4 150 8.5 105 8.4 x 2.2 x 1O 3 
3 0 321 - 1.4 x 1O5 43 2.4 90 4.1 x 4.7 x 1.8 x 1o2 
0.1 351 7.7 x 10 77 4.3 87 5.9 x 10 5.6 x i02 
4 0 569 - 2.3 x 10 26 1.4 51 3.2 x 10 2.6 x 6.4 x 10 
0.1 620 1.1 x 10 53 2.9 49 4.9 x 10 2.7 
5 0 898 - 1.8 x 10 34 1.9 
• 
32 3.6 x 10 1.7 x 10 1.1 x 
10  
0.1 980 1.1 x 10 52 2.9 31 4.9 x 10 2.6 x 102 
6. 0 1178 - 4.3 x 10 14 0.8 25 2.3 x 10 1.3 x 10 1.8 x 101 
0.1 1280 1.2 x 10 48 2.7 24 4.7 x 10 2.2 x 102 
7 0 1685 - 5.0 x 1O5 12 0.7 17 2.1 x 8.9 x 10 1.4 x 
101 
0.1 1830 1.6 x 10 5 37 2.0 17 4.1 x 10 1.3 x 102 
Average column resistance parameter, 0 = 31 
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Toluene 	30% (w/v) } 
	
in heptane Nitrobenzene 2.4%(  w/v) 
Chromatograms of this mixture are presented in Figures 8.12 and 8.14. 
Note that with the make-up flow arrangement, the differential peak 
coinciding with the column dead volume which is usually detected in 
analytical HPLC is not observed. 
Throughout the open-tubular LC work described difficulties were 
experienced in obtaining a suitable degree of solute retention. The 
maximum retention obtained was for the solute nitrobenzene for which 
the phase capacity ratio, k' was 0.4. This problem was compounded by 
the fact that above k' 	0.1, peaks became severely misshapen to the 
point where it was no longer possible to gauge peak efficiency with 
reasonable accuracy. This is illustrated in Figure 8.12 where three 
chromatograms obtained with the 5.92m length, 18m bore column are 
presented. Each of the three chromatograms [i], [2] and [3] was 
obtained with decreasing levels of the deactivating solvent isopropyl 
alcohol present in the hexane eluent 	. The k' value for 
nitrobenzene ranges from 0.1 in [i] to 0.4 in [3] . 	Although peak 
shape for nitrobenzene at k' = 0.1 was fairly good, by k' = 0.3 
(chromatogram [2] ) the peak was already considerably misshapen. 
These problems are thought to arise due to one, or more likely a 
number of the following factors:- 
1) A low ratio of stationary to mobile phase. 
It is considered that an insufficient thickness of stationary 
phase is probably a major contributing factor to the problem of poor 
retention. It is also thought that a poor phase ratio may be causing 
(k) Note that it has not been possible to state the isopropyl alcohol 
concentration for each chromatogram. This was essentially because the 
chromatographic system was so complex and consequently it reached 
equilibrium only very slowly. The easiest way found to change the 
concentration of the deactivating solvent was to allow the recirculated 
eluent to pass through a bed of activated silica gel for a given time 
before allowing it to return to the solvent reservoir. The alternative 
of preparing a completely new batch of eluent every time the retention 
had to be adjusted was considered to be both too expensive and too time 
consuming. Note also that as the initial concentration of isopropyl 
alcohol used was 0.1% (w/v) none of the chromatograms presented were 





















premature sample overloading which results in the severely misshapen 
peaks that are observed at higher retention. 
In view of the configuration of open-tubular columns it is hardly 
surprising that a suitable ratio of stationary to mobile phase is 
difficult to obtain. If the ratio is unsatisfactory, retention will 
inevitably be limited. This point has been emphasised by Knox in 
reviewing comments on the subject by both Purnell 8  with reference to 
open-tubular GC work and Tsuda et al for open-tubular LC. In a 
later paper, Tsuda and Nakagawa 6 state that throughout their 
experimentation, difficulties were experienced with obtaining a phase 
capacity ratio greater than 3. 
Knox 
10 
 has concluded that as the values of the diffusion 
coefficients in both the mobile and stationary phases will be similar 
in LC (as opposed to GC) one would expect that it should be possible 
to endure a far greater stationary phase thickness, d f , in LC than in 
GC without loss in performance 	. 	It has been shown that only a small 
loss in performance is observed if the stationary phase thickness rises 
to be 25% of the tube bore. The ratio of the volume of stationary to 
mobile zones then becomes 56 to 44, a similar ratio to that in packed 
column LC where the ratio is normally 60:40. 
Reference to the electron micrographs of the 6m x 70iim column 
(Figure 8.3 [Cl) and the 5.92 x 18.'m column (Figure 8.4 [B]) suggest 
that the stationary phase thickness is of the order of 11.im, which is, 
in view of the preceding discussion, clearly too small a fraction of 
the tube bore. The figure of 11.im is, however, in good agreement with 
that reported by other workers in the field. The appearance of the 
(1) In going from GC to LC the DID ratio in the Cs  term of the 
C-olay equation:- 
2 






(l+k") 	d 	D 
is reduced to approximately unity allowing the df/dc  ratio in the 
same equation to be increased without loss in efficiency. 
etched layer is also similar with no evidence of uneven layer 
thickness or patchy etching. 
In conclusion then, it appears that very narrow columns with a 
considerably increased etched layer thickness are required to overcome 
the retention problems. The preparation of such columns will be a very 
difficult task. It is considered that the application of a dynamic 
etching process similar to that already outlined in this work will 
be invaluable. 
2) The quality of the Cecil CE212 UV spectrophotometer used for the 
experimental work. 
The rather poor quality of this instrument may have resulted in 
an inability to detect sample concentrations which do not cause sample 
overloading. The spectrometer has relatively poor stability which 
limits the amplification level at which the unit can be operated. 
In the experiments described, the instrument was rarely taken to 
higher amplifications than 0.1 absorbance units full scale deflection 
(A.U.F.S). 	In view of the very large degree of sample dilution 
caused by the injector splitter and make-up flow arrangements, 
sample detection under these conditions is obviously a difficult 
task. Noise levels experienced with the Cecil Instrument in this 
work are compared to those encountered by other workers in the field 
in Figure 8.13. 	Three levels reflecting the lowest, typical and 
poorest noise levels are tabulated for the Cecil Instrument. The 
chromatogram produced with the lowest noise level baseline is given 
in Figure 8.12 [1] while the two chromatograms representing both a 
typical [1] and the poorest [2] noise levels encountered in this work 
are presented in Figure 8.14. Using the typical noise level figure of 
5 x lO absorbance units for the Cecil Instrument, it appears 
that this value is some 40-300 times poorer than contemporary systems. 
It is considered that the peak shape problems may begin to 
arise when retention is increased above the k' = 0.1 level because 
at this point, the stationary phase becomes overloaded with solute. 
This results in peak shape deterioration. Unfortunately, however, 
due to the instrumental limitations described, if the sample size is 
reduced to rectify the problem, the solutes can no longer be 
detected. 
Figure 8.13. A comparison of noise levels encountered in this work with those experienced by 
other workers in the field. 
Worker Ref. Details of detector Average base-line Author noise 
No. noise level/Abs. level 
units Ref. noise 
level 	(n) 
3 . 
Author - this work - Modified Cecil CE212 with du 2 x 10 	lowest 
Pont Hg penlight lamp replacing 
5 x lO 	typical - 
standard D 2 source. 	Home made -2 
ijil flow cell with make-up flow 2 x 10 	poorest 
0. 5cm3min-. 
F. Yang 15 Jasco UV1DEC-111 UV -5 
spectrophotometer - on-column 1.5 x 10 300 
detection. 	Flow cell volume 6n1 
Tsuda et al 11 Jasco tJVIDEC 100 detector. (m) 
Direct column connection to 1 x 10 40 
flow cell - volume 0.019p1 
Calculated by author from chromatogram given in reference. 
Calculated using author's typical noise level figure (5 x 10 Abs. units) 
0.01 Absorbance units 
(for both chromatograms) 
Noise -'-0.02 At  
Figure 8.14 Two chromatograms of the test 
mixture used to obtain the h,Q 
plot for the 5.92mlength,l8jim 
bore open - tubular column 
illustrating both typical noise 
levels [11 and the highest noise 
levels [21 encountered in this 
work 
Note that in both cases only a short section 
of baseline has been drawn. The solu s 
order of elution are toluene and nitr 
Injection 
Noise -%, 0.005 Absorbance Ufl 
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3) Non-linear adsorption isotherm 
Although a number of solutes having high extinction coefficients 
at 25 4n were examined, only nitrobenzene was found to have the 
unique combination of sufficient polarity to ensure retention, a 
high extinction coefficient to facilitate detection and satisfactory 
solubility in the hexane eluent. Unfortunately, adsorption 
chromatography of polar compounds such as nitrobenzene is notoriously 
difficult. Solutes containing the NO  functional group in particular 
often produce tailed peaks due to a non-linear adsorption isotherm 
caused by solute interaction with a number of different surface 
groups, (e.g. hydrogen bonded hydroxyl, non-hydrogen bonded hydroxyl). 
The situation can usually be improved by deactivating the adsorptive 
surface with a small amount of water or some other polar compound 
which results in a more chromatographically homogeneous surface. 
As already indicated, with the 183im bore column, isopropyl alcohol 
was used to deactivate the silica surface, reducing retention and 
improving peak shape. Clearly, however, only by using an improved 
detector which would allow the use of alternative solutes could the 
possibility of non-linear isotherm problems be eliminated completely. 
Turning now to review the chromatographic data that has been 
obtained for the 18iim bore column. Figure 8.11 gives a summary of 
chromatographic parameters for selected results covering the velocity 
range studied. For example, with the most rapid elution, 38,000 
theoretical plates were obtained for the slightly retained solute 
nitrobenzene in approximately 3 minutes (elution pressure 900psi) 
while at the lowest velocity studied, 160,000 theoretical plates 
were obtained for the same solute in approximately 30 minutes 
(elution pressure lOOpsi). The average column resistance parameter 
(average over 5 runs) was calculated to be 31. This gave values for 
the separation impedance, E (E = h 20 - see theory - Section 2.4.4) 
of 2300 and 130 respectively. These results are most encouraging 
indeed, it is rather unfortunate, however, that the performance at 
higher retention could not be studied. 
The h,v plot obtained for the 18gm bore column is presented in 
Figure 8.10. Theoretical lines representing the Golay equation at 
= 0 (equivalent to the Taylor equation, solute totally excluded), 
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= 0.2, k" = 1 and ktl = have also been included on the plot 
to facilitate comparison of the data with theory 
The gradient of an h,v relationship for an open-tubular 
column taken at higher velocities (typically v>50) to escape the 
influence of axial molecular diffusion gives C 
exp
, the experimental 
mass transfer term 'a'. A table summarizing the C 	values obtained 
exp 
for the author's unretained data and recently published unretain.ed 
data obtained by other workers (q)  in the field for open-tubular 
columns from 5-50.im bore is given in Figure 8.15. 	The unretained 
data obtained by the other workers has been represented on a reduced 
basis along with the Taylor equation in Figures 8.16 - 8.18. 
• With regard to the author's unretained data for the solute 
toluene, there is quite a discrepancy between experiment and theory 
but this is not as pronounced as that observed for the other data 
presented. This is a promising result as it indicates that the steps 
taken to minimize extra-column effects have been fairly successful. 
It must be remembered, however, that of all the columns listed in 
Figure 8.15, the author's column is the largest and consequently the 
one on which extra-column dispersion will have the smallest effect. 
In all cases, the deviation from the theory is thought to arise from 
extra-column dispersion produced by the injector and detector. 
Knox and Gilbert in examining some of the early data obtained 
Note that the theoretical lines were generated without the 
stationary phase mass transfer term, C, as experience with Gas 
Chromatography has shown that the mobile phase term tends to be the 
dominant contributor to the observed plate height. Indeed, as already 
mentioned earlier, in LC one would expect much lower diffusion 
coefficients in the liquid mobile phase as opposed to the gas phase. 
As a result, the ratio DID in Equation (61) Chapter 2 will reduce 
4,7 
the magnitude of the C term to well below that experienced in GC 
Note that with a log/log plot the situation is reversed, with the 
intercept giving the Cexp  term and the gradient corresponding to the 
logarithm to the base 	10 of the h,v plot intercept i.e. 1. 
C 
exp 
 values for other workers in the field were obtained by 
- 
replotting the plate height/velocity data on a reduced basis, plotting 
h vs v and fitting the best gradient by eye to include the origin. 
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Table 8.15 Summary of unretained data obtained by both the author 
and other.workers in the field on open-tubular columns 
Worker Ref. d C 
No. ._S exp 
CGolay Cexp/CGoi ay 
Pm m (C 	term only) 
m 
Author - 18 5.92 0.034 0.0191 	(r) 1.8 
4 10 2.91 0.033 3.3 Tijssen et al if 14 4.72 0.029 2.9 
1 15 0.044 4.4 
Krejci et al " 14 (s) 0.040 0.010 4.0 
If 9 0.062 	(t) 6.2 
Is 5  (u) - 
Slais & Krejci 12 14 0.038 3.8 
(r) Note that in order to obtain a meaningful comparison between the 
author's C 
exp Golay IC 	ratio and the ratios calculated from other workers' 
data, a modification to the calculation of C Go lay in the case of the 
author's data has had to be introduced. This problem arises because of 
the fact that the author's 18i.im bore column has an etched porous 
surface while the other data presented is for unetched tubes. 
In the situation where the walls of an open tube are etched, the 
zone capacity ratio, k", rather than the phase capacity ratio, k', should 
be used to calculate the C term from the Golay equation. The value 
of k" when k'=O may be calculated for the 18m bore column in the following 
manner: - 
The zone capacity 
C
SZ k" = 
C 
nz 
ratio is given by 
sz 	Analogue of 
V Equation (22) Section 2.3.1mz 
When k'=O, the term c/c = 1. k" can therefore be obtained by calculating 
the ratio of the volume of the stationary zone to mobile zone, V /V 
sz mz 
If the depth of the etched layer (stationary zone depth) is assumed 
to be 1Mm (see Electron Micrographs, Figure 8.4) and it is assumed 
	
that the layer is 75% porous, we have 	 - 
k" = :. = 	
(0R2-1R2 ). 0.75 
V 	 1R2 mz  
where OR is the outside radius of the 
radius. k" is calculated to be 0.2. 
author's data in the above table this 
substituted into the Golay equation. 
for the unetched tubes, C Golay was ob 
etched layer and IR is the inside 
To obtain a value for C 
Golay 
 for the 
figure has been 
In all other cases in the table, i.e. 
ained by using k"=O. 
Column lengths not given - thought to be between 1 and 2m. 
Result considered to be unreliable due to lack of high velocity data. 
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for unretained solutes in narrow capillary tubes by Tsuda and 
Novotny 
13  (tube bores were 50, 82 and 195 pm) have also reached a 
similar conclusion. Although the larger bore 82 and 195pm 	bore 
tubes showed a fair agreement with the Taylor theory, the narrowest, 
50prn bore tube was found to produce poorer results than those 
predicted from theory. This difference was assigned to extra-column 
effects. 
Consideration of the range of unretained data published by other 
workers for very narrow columns (d = 5-20jm) indicates that in all 
cases the experimental C terms, C e xp (See Figure 8.15) calculated 
from their data are roughly three to four times those predicted by 
the Taylor equation. Rather good evidence to support the view that 
it is extra-column dispersion that is responsible for the deviation 
between experiment and theory can be obtained by considering the 
data of Krejci et al  for an unretained solute in 5, 9, 14 and 15im 
bore tubes. (See Figures 8.15 and 8.17). It appears that as the 
tube bore decreases, the deviation between experiment and theory 
tends to increase, the smallest bore, 5.xm tube for example, producing 
• very large deviation from the theoretical relationship. This is 
• good indication that extra-column effects are responsible. i.e. As 
the tube bore is decreased, the solute band volume is also decreased 
which results in any extra-column contribution to the observed band 
volume becoming increasingly significant. Indeed, in the case of 
the Sum bore tube the extra-column contribution to the observed band 
volume appears to be very large. 
It is interesting that the majority of unretained data presented 
(excluding the results given for the 5.im bore tube - Krejci et al 1 
appear to exhibit a very similar deviation from the Taylor equation 
even though a number of different injection system designs and detector 
types were employed. Krejci et a1 1 for example, obtained their data 
(v) The largest bore tube (dc = 1951im) was found to produce results 
that were slightly better than those predicted by the Taylor equation. 
This deviation was assigned to secondary flow effects which have 
already been discussed in some detail in Chapter 5. The effect, 
which tends to produce plate heights that fall short of the Taylor 
theory, is more pronounced in larger diameter tubes and it is thought 
that with the present range of tube diameters being considered, the 
effect is minimal. 
we 
for an unretained solute in 5, 9, 14 and 15m bore tubes of lengths 
between 1 and 2 meters using a sample-splitter injection system while 
a modified flame ionization detector was used to record the solutes 
leaving the capillaries. Aga-in, the results of Tijssen et al 4 for 
10 and 14itm bore, 2.91 and 4.72m length tubes were obtained with 
split-flow sample injection, however, a make-up flow with UV 
detection system similar to that described in this work was employed 
for detection. Slais and Krejci 12  obtained their results for a 14iim 
bore, 1.2m length tube with a splitter injection system and an 
electrochemical detection cell with a reported effective volume of 
less than ml. 
It must be concluded that although the performance of the 
injection and make-up flow system used in this work compares favourably 
to those designed by other workers in the field, it is clear that the 
extra-column hardware requires further refinement before good 
agreement between experiment and theory can be obtained for unretained 
solutes in capillary tubes with bores less than 20pm. 
A summary of both the retained data obtained by the author and 
recently published retained data by other workers is given in Figure 8.19. 
Published data for columns with internal diameters in the range 14-52pm 
has been examined. With the exception of the author's data, all the 
results reported. are for the liquid-liquid chromatographic mode. The 
experimental mass transfer terms, C, quoted in the table have been 
calculated by the author from the published plate height/velocity plots 
as described earlier. The C Gal ay terms given are based on the Cm 
term only and were established by substituting values of k' in the 
Golay equation. (w) All the plate height/velocity data has been 
redrawn using reduced parameters to allow general comparison of all 
recently reported data with the results obtained in this work. These 
plots are titled Figures 8.20-8.23. Three theorectical lines 
(w) Note that only in the case of the author's data has the correct 
parameter, k", been used to calculate values of Cm. In all other cases, 
k' was used. The reason for this is because Jç" can only be calculated if 
a reasonably accurate value for the stationary zone thickness is known. 
The values of Cm obtained using k' will therefore be slightly smaller 
than they should be. 
Figure 8.19. Summary of retained data obtained by both the author and other workers in the field on 
open-tubular columns 
C 
Worker Ref LC mode d 
exp 
No. __a L Solute k' C exp Golay  Ciay Jim - m 
(Cm only) (Cm only) 
Author - Adsorption chromatog. 18 5.92 Nitrobenzene k"=0.3 0.061 0.023 2.6 
Mobile phase:Hexane (w) 
LLC 
Hibi et al 14 Mobile phase:isooctane 52 5.1 ct-naphthylamine 0.14. 0.o24 0.017 1.4 
Stationary phase :ODPN 
_____ -naphthylamine 1.02 1 0.045 0.047 0.96 
LLC 
Tsuda and 6 Mobile phase:n-hexane 33 22.5 Aniline 1.07 0.069 0.049 1.4 
Nakagawa Stationary phase:ODPN -naphthylamine 2.11 0.088 0.067 1.3 
LLC 
Krejci Mobile phase:cyclohexanone 25 3 o-nitrobenzalde- 0.0 0.058 0.010 5.8 
1 Stationary phase:1,2,3-tris hyde  
et al (cyanoethoxy propane) m -cresol 0.28 70  1.62 0.023 
-naphthol 0.88 5.3 0.044 120 
LLC 
Tijssen et al 4 Mobile phase:isooctane 14 4.72 o-toluidine 0.8 0.058 0.041 1.4 
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corresponding to the Golay equation (Cm  term only) at k" = 0, 1 and 
have been included on each plot. Again, as mentioned in footnote 
(w), this is a less than satisfactory state of affairs as both k" and 
k' are being compared. Unfortunately, as k" can not be calculated 
for this data because of insufficient information, there is little 
that can be done to rectify the problem. 	It must be remembered 
however, that a general comparison can still be made as there will 
only be a slight difference between k' and k". 	This will probably 
be around 0.2 as calculated for the author's 18im bore column (see 
footnote (r))'. 
Retained data for the solute nitrobenzene obtained in this work 
is in poor agreement with the theory. The Cexp  term is more than 
twice the figure predicted by the Golay equation. It is considered 
that a combination of extra-column effects and inaccurate peak width 
measurements (caused by poor peak shape) is responsible for this 
deviation from the theory. Note that the deviation from theory can 
not be accounted for by invoking a stationary phase term as this makes 
an insignificant contribution to c 
Go lay 
On comparing the C 
exp 
 values obtained for the other workers' 
data with the Golay theory (see Figure 8.19) the agreement between 
experiment and theory appears to be fair with the exception of the 
results of Krejci et al which are very poor. These workers have 
used a 25i.im bore, 3m length column in the liquid-liquid chromatographic 
mode. The stationary phase used was 1, 2, 3-tris (cyanoethoxy) 
propane. The maximum retention obtained, was for -naphthol (k'.0.88). 
(x) The C term makes an insignificant contribution to the total plate 
height. 5This is because in the present case, with the chromatographic 
mode being adsorption, it is difficult to see how the Dm/Ds ratio in 
the C5 term of the Golay equation could exceed 1.7 (one might expect 
that with adsorption chromatography, the Dm/Ds ratio should be 
unity. The figure of 1.7 arises, however, due to tortuosity which 
attenuates diffusion in the stationary phase 7.  The other variable 
that could affect the magnitude of the Cs term is the df/dc term. 
We have already seen from the electron micrographs of the column 
(Figure 8.4) that the depth of the etched layer is around 11m. This 
results in a C s term of 0.0006, a value which is very small compared 




exp m 1 
/C 	ratio for this solute was found to be in the region of 
120. An extremely poor result. A sample-splitter injector system 
and make-up flow to a standard 8i.il flow cell were used with the column. 
The Japanese workers Hibi et al 
14 
 using a 521.im bore, 5.1m length 
column have obtained results which are in much closer agreement with 
the theory. Both groups used the liquid-liquid chromatographic mode 
employing a ,'-oxydiproprionitrile (ODPN) stationary phase. Hibi 
et al 
14 
 obtained their results with a stopped-flow microsampling 
technique and a miniature tubular quartz flow cell sleeved to the 
column end (detection volume 0.03-0.1i.il ). 	Tsuda and Nakagawa 6 
employed a sample-splitter injector system and a similar miniature 
tubular quartz flow cell arrangement to that used by Hibi et al 14 
Hibi et al have achieved a maximum retention of k' = 1.0 for 
-naphthylamine while with the longer 22.5m column Tsuda and 
Nakagawa have achieved k' = 2.1 for the same solute. 
Tijssen et al have published retained data obtained with a 
14i.im bore, 4.72m length column operated in the liquid-liquid 
chromatographic mode. Again, the stationary phase used was ODPN. 
The most strongly retained solute was dimethylphthalate ( k' = 1.3). 
The results given are in fair agreement with the Golay theory, 
C 
exp 
IC 	ratios being in the region 1.5-1.6. 	Sample-splitter 
Golay  
injection and a make-up flow arrangement with modified UV flow cells 
of volumes 2-8l were used. 
Knox and Gilbert in comparing some of the earliest reported 
retained data produced by Tsuda et al on an ODS-capillary (dc=  6011m) 
found that plate heights were higher than those predicted by the 
Golay equation (Cm  term only) although experimental and theoretical 
values of C were in good agreement for a near unretained peak suggesting 
that extra-column factors were not too important. They concluded 
that a significant contribution from stationary phase mass transfer must 
be the cause of the discrepancy between observed data and the relationship 
predicted from theory. These workers have gone on to calculate a 
stationary phase thickness of 1711m for Tsuda's 60j.m bore column by 
assuming that the difference between the C exp term and the calculated 
value of Cm  from the Golay equation is due entirely to the stationary 
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phase mass transfer term, C. 	(i.e. there is no contribution from 
extra-column effects). A D/D ratio of 1.7 was used for the 
calculation (i.e. the diffusion coefficients in both phases were 
assumed to be essentially the same - the 1.7 arising due to tortuosity 
in the stationary phase). In a later paper from which some of the 
present data which is being discussed was taken, Tsuda and Nakagawa 6 
suggest that the D/D ratio is probably much greater than 1.7. 
These workers have actually calculated the diffusion coefficients of 
the solutes aniline and -naphthylamine in the ODPN stationary phase 
used with the 33pni bore, 22.5m length column already referred to in 
this work and conclude that the ratio is in the region of 29. They 
suggest a similar ratio could be expected for the solutes in ODS. 
Using this new ratio and a similar technique to that used by Knox and 
Gilbert they have calculated the stationary phase depth to be in the 
1.6pm region. Unfortunately, as this type of calculation assumes an 
insignificant contribution from extra-column factors it leaves the 
1.6.tm figure in some doubt. 
Krejci et a1 1 have calculated a Dm/Ds ratio for the solutes they 
used in the 1,2,3-tris(cyancethoxy)propane stationary phase to 
be in the region of 86. The authors suggest a stationary phase 
thickness of 1pm although they give no evidence of this. On 
calculating the stationary phase term using these figures it is found 
that even with the D/D5 ratio as high as 86, the magnitude of the 
C 5 term is still relatively small compared to the C term and has 
little effect in matching the experimentally observed C term. Indeed 
it appears that even when there is evidence of large Dm/Ds  ratios, 
there is only likely to be a significant C:5 term when smaller bore 
columns with a substantial stationary phase layer are encountered. 
It is considered that the large discrepancy between the Cm and Cexp 
data of Krejci et al arises because of extra-column effects. It 
should be remembered that Krejci's unretained data exhibited a 
considerable deviation from the Taylor theory. Krejci et al 
themselves however, suggest that the discrepancy arises due to non-
homogeneities in the film thickness and that non-ideal behaviour in 
both mobile and stationary phases can not be ruled out. 
If, as indicated earlier, a value of 29 can be assumed for the 
ratio D /D for salutes in ODPN, as Tijssen et al have utilized 
a fairly narrow column (d = 14im) thee may be a significant 
stationary phase term to add to Cm 	This would occur for example, if 
a stationary phase depth of lm was present. Such a figure would 
give a Cm  term of 0.024 which when added to the Cm  term would mean very 
good agreement with the experimental C term. Of course, Tijssen et al 
make no suggestion as to the magnitude of d  and the above calculation 
is based purely on speculation. It may be that d  is much less than 
1pm and the discrepancy observed between C and Cexp  may be due purely 
to extra-column effects. 
Tijssen et al have dismissed the possibility of a stationary 
phase term being significant. They have suggested instead that the 
discrepancy between theory and experiment arises because of the 
effect of slow interphase mass transfer. These workers have suggested 
a modified plate height equation which contains an additional C term 
taking account of slow interphase mass transfer. 
8.4 Summary of conclusions 
1) With regard to the author's results, the unavailability of a 
suitably sensitive detector and restriction on the experimental time 
available have led to a somewhat limited study of open-tubular liquid 
chromatography. The problem with the detector sensitivity was 
particularly troublesome in that it not only restricted the choice of 
chromatographic mode available 	but it has also meant that it has 
been difficult to ensure that sample overloading was not taking place. 
The time restrictions have resulted in only a fairly crude etching 
process being used for column production. The columns produced by 
this process appear to exhibit poor retention capabilities. This is 
thought to be because there is insufficient stationary phase within 
the column. It is considered that, with refinement to the etching 
technique, the production of a substantial etched layer of controlled 
(v) Both reversed-phase and ion-pair chromatography were attempted 
as well as adsorption chromatography but unfortunately, salutes with 
suitably high extinction coefficients could not be found for the 
first two modes mentioned. 
depth will be possible. This would result in increased retention 
capability. 
The extra-column hardware developed in this work appears to 
compare favourably with the performance of that developed by other 
workers in the field. 
Although generally, the results published to date are very 
promising, it has been shown that the extra-column equipment used by 
most workers in the field is unsatisfactory. Certainly the present 
designs have to be bettered if rapid separations of relatively low 
efficiency near to the column dead volume are required. It is 
considered that this area of the development of open-tubular LC will 
perhaps be the most difficult in view of the very technically 
demanding nature of the problems. 
Generally, agreement between published experimental data and the 
Golay theory is fair. Most deviations are thought to be due to extra-
column effects although it appears that in some cases, where for 
example, very narrow columns coated with a significant stationary 
phase layer operated in the liquid-liquid chromatographic mode are 
used, a stationary phase term may have to be invoked. 
Open-tubular LC will be very useful for the separation of complex 
mixtures requiring very large plate numbers. It is thought that it 
will be quite a few years however before open-tubular columns along 
with suitable instrumentation become available commercially. One of 
the problems no doubt, will be column to column reproducibility, a 
factor which has plagued open-tubular GC columns for a long time. 
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The sample-splitter injector test rig - calculation of the injector 
dimensions which allow total separation of the primary and secondary 
injection bands. 
In essence, what is required is a suitable linear velocity ratio 
in the two regions of the injector that will allow complete separation 
of the two solute bands (primary and secondary injection). Such a 
situation will permit independent measurements to be made from the 
resulting recorder output. As already indicated, the desired linear 
velocity ratio is obtained by choosing a suitable glass bead size 
for the packed bed. The choice of bead size also sets the flow-rate 
split ratio. 
Consider the following:- 
The equation relating the pressure drop, Ap, across a column to 
the column resistance parameter, 0', eluent viscosity, r, dead time, 
t  column length, L, and particle size, d, is:- 
12 O'ri L 
AD 	= - I-I 
t 'a 
m I. 	P.1 
The linear eluent velocity, u, is given by the ratio of the column 
length, L, to the dead time, t. 
L 
U = - 
t 
m 
We may therefore write:- 
= pd 2 
fl LØ' 
This equation relates the linear eluent velocity to the various 
chromatographic parameters. If the subscripts c and p are used to 








The ratio u/u, which will be designated R is therefore:- 
u 	 Ø'd 2 
= 
	







This equation results because the pressure drop across both 
configurations is the same. The column lengths are also the same 
and the same eluent is pumped through each region. 
for an open tube is given exactly by Poiseuille's equation 
0' = 32 
while for a packed bed of glass beads, 0 is usually in the region of 
300. 
We therefore have:- 
u 	 32d 2 
=R 	p = 
u 	 300d 2 c C 
Clearly, as the internal diameter of the capillary tube, d, is fixed, 
then the linear velocity ratio is governed by the choice of glass 
bead diameter in the packed bed. Knowing the geometry of the apparatus, 
it is also possible to calculate the volumetric flow-rate split ratio. 
The flow-rate, f, is dependent upon the cross- section of eluent, 
a, and the linear velocity, u. Again, using the subscripts outlined 
earlier: - 
f 	= a. U 
p p 	p 
f 	= a. u c c 	c 
A1-3 
The flow-rate split ratio is therefore:- 
f a u 
= • 
f a u 
C C C 
Note that the cross-sectional area of eluent in the packed bed, a, 
is given by the product of the cross-sectional area and a factor of 
0.4, i.e. with a packed bed of glass beads, 40% of the area is 
occupied by liquid. 
f 	a 
P. = 	 32 	. 
f 	a 300d2 	p 
C c 	c 
Having established the relationship between bead size and flow-rate 
split ratio, it is possible to go on and determine the relationship 
between total input flow-rate, flow-rate split ratio and the dead 
times for the two peaks. With this information it is possible to 
verify before the experiment that the bead size chosen will produce 
a recorder output in which the two bands are well separated. 
Consider the following:- 
The total flow-rate, is given by the sum of the packed bed 
flow-rate, f, and the capillary flow-rate, 
f 	= 	+ tot f p f  





combining we get:- 
f 	= f +Sf 
tot 	c 	c 
A1-4 






f p = f tot _I.atl 	 -2 
• 	j 
It has already been stated that :- 
L 













t = CC 
c 
C 














The equations derived here have been represented in graphical 
form. A plot relating particle size with the flow-rate split 
and linear velocity ratios is given in Figure Al.l while a plot 
relating the flow-rate split ratio, total input flow and band dead 
times is given in Figure A1.2 	In order to construct these plots, 
the internal diameter of the Shandon column was taken as 5mm, 
and its length as 100mm. The capillary collector tube has been 
assumed to be 1/16" (1.6mm) outside diameter, 0.15mm inside diameter 
and 100mm in length. 
These plots were used to facilitate selection of the bead sizes 
that would allow the various injector configurations to be tested. 
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Calculations involved in selecting a capillary dispersion tube of 
suitable dimensions. 
The various requirements of any capillary tube to be used in 
establishing the extra-column dispersion produced by miniature 
extra-column hardware have already been set out in the general 
introduction to Chapter 5 (Section 5.1). Essentially, this 
appendix deals with the calculations involved in obtaining an 
equation which relates the capillary bore to its length. It is these 
parameters which govern the resistance the tube will offer and the 
flow-rates obtainable which are two important factors if the 
capillary tube is to act in a similar manner to a packed column. 
In the following calculations, the equation derived relates 
the capillary tube bore to tube length allowing conditions to be chosen 
which will produce both a similar resistance and flow-rate range 
to a ½m length, 0.9mm bore column packed with 20.im glass particles. 
The basic equation used relates the pressure drop across a packed column 










Ap - pressure drop 
u - linear velocity 
0' - column resistance parameter 
- eluent viscosity 
L - column length 
d 	- particle size or d - capillary bore. 
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As any capillary tube chosen should give a pressure drop similar 
to a ½m length, 0.9mm bore column packed with 20im glass particles, 
the following statement may be made:- 
uØ'L 	uØ'L 
C cc = 	p pp 
d 2 
C 	 p 
capillary tube 	packed bed 
i.e. Apc = AP p 
Where the subscripts c and p refer to the capillary tube and packed 
bed respectively 	 - 
Now Øt = 500 
01c 
80 	(by experiment) 
L =0.5m 
p 	 -6 
d =2OxlO in 
p 
Substituting produces: - 
	
u 	 7.8x109 d 2 
= 	 C 	
-(1) 
u 	 L p c 




i.e. The flow-rate in the capillary tube is equal to that in the 
packed bed. 
The general equation relating volumetric flow-rate, f, and 
velocity is 
f = a U v 	in 




For the capillary 
d2 _a 
2 
For the packed bed 
f =Tr diameter of 
L 	2 	
column] 2 
(c tot - total porosity - taken as 0.4 for glass particles) 
Substituting in (1) 
11[0.9xlO-6 1 
2 
1 	7.8x109d 2 I 	c 	2 	i 	tot 	I - 	 c 
(d 	) 2 I f 	 I L 
L c/2 JL P j 
L 	 l6Idlcl4 
= 2.4x10 .1—i 
M 	 l.'ni 
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Appendix 3 
Computer programs used in Chapters, 5, 6 and 8. 
A3.1 Some introductory notes 
Two high level computer languages have been used for the 
programs referred to in this work. The majority of the programs 
were written by the author in the scientific language FORTRAN77. 
The various graphics programs to be described, however, were all 
written in IMP and were developed from a program originally 
written by Dr. H.P. Scott to whom the author is indebted. The 
output from these graphics programs has been listed on a Hewlett-
Packard 7220T A4 graph plotter. All programs were executed on 
Edinburgh Regional Computing Centre's Multi-Access System (EMAS) 
which utilizes an 1CL2972 mainframe computer. 
A3.2 Details of the computer program used to calculate the 
residual variance and flow-rate data from the dispersion 
experiments with open glass capillary tubes (Sections 5.3.2 
and 
This very simple FORTRAN77 program named TAYLOR produces a 
table of both experimental and theoretical values of the peak 
variance and standard deviation in volume units at each flow-rate 
examined along with the corresponding residual variance. TAYLOR is 
an interactive program which reads data in free format. When run, 
the program prompts the user at a visual display unit (V.D.tJ.) to input 
details of the dispersion system, i.e. the tube dimensions along 
with the solute diffusion coefficient in eluent and extra-tube volume 
are requested. The machine then reads the peak dead time and base 
peak width (both in seconds) for each run from a pre-prepared data file 
and calculates the various parameters outlined above. The original 
data read from the VDU is output to a line printer along with the 
results to allow a check to be made on the values used. The program 
also creates a graph file consisting of a list of flow-rate and 
residual dispersion values headed by the total number of data pairs 
for later plotting by computer. 
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How the various parameters are calculated by the program 
Firstly, the total dispersion volume, TVOL, is calculated. 
Fr Dispersion tube] 2 	 1 
TVOL = I 	diameter 	7. * Dispersion tube * 109 + Extra-tube 
length 	 volume [L 2 
The column dimensions are input in metres while the extra-tube volume 
is input in p1. The above equation produces a value for the total 
dispersion volume in p1. From the total dispersion volume the flow-
rate is calculated 
Flow-rate Total dispersion volume = 
Peak dead time 
The experimental peak standard deviation is then obtained by 
multiplying the flow-rate by the peak width in time units 
Experimental Peak width * Flow-rate = 
0 	 4 
Note that the result must be divided by 4 because the total peak 
width is assumed to be equivalent to 4a. 
The theoretical value for the standard deviation is produced by 
substituting the various parameters in the Taylor equation 
Lf ½ 
40 = 0.36d2. -. 
D 
m 
where:- d is the dispersion tube diameter 
L is the dispersion tube length 
D is the diffusion coefficient of solute in eluent 
in 
f is the flow-rate 
V 
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The residual variance is obtained, by subtracting the theoretical 
variance from the experimental variance. 
o 
2 	 2 	2 
= 	- 
V 	 V 	 V 
Resid 	Exp Theory 
The main calling program calls two subroutines, DINOUT and CALC. 
DINOUT is called to read in and output details of the dispersion 
system. CPLC is then called to perform the calculations and output 
the results. The flow chart for the program is presented in 
Figure A3.1 while the program itself along with an example of the 
line printer output are given in FigurA3.2 and A3.3 respectively. 
A3.3 Details of the computer programs and techniques used to 
fit lines to the dispersion data obtained with the straight 
glass capillary tube and the graphics program used to display 
the results (Section 5.3.3). 
A library curve-fitting program was used to fit a 'best line' 
to the flow-rate/ residual variance data which is output into a 
graph file from the program TAYLOR. The curve-fitting program 
utilized a least squares approximation technique to compute the 
coefficients of a polynomial function of the form:- 
the sum from I = 0 to I = n of the terms 
Z(I) * x ** I 
A simple FORTRAN77 program titled DISFIT was written to generate 
a graph file of data pairs for plotting this'best line' given the 
polynomial coefficients. Again, the program was of the interactive 
type. The user is prompted for details of the flow-rate range over 
which data is required and the flow-rate increment. The polynomial 
coefficients are read from a data file to avoid errors. The program 
then generates values of the residual variance over the required 
flow-rate range and outputs this data to a graph file. The 
polynomial coefficients are also output to a line printer to allow 
checking. A flow chart for the program DISFIT is presented in 
Figure A3.4 while the program itself is given in Figure A3.5. 
Figure A3.1 Flow chart for the program TAYLOR 
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-Extra-tube volume 
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Figure 43.2 FOR TRA N code for the program 
TAYLOR 
Source: EDCE15.TAYLOR 	 Compiled: 25/08/83 	18.56.02 
Object TAYL.ORC 
F'.rm 	set: FIXED 
EDINBURGH FORTRAN77 COMPILER VERSION 20.10 
I INTEGER A 
2 CALL 	EMASFC( 'DEFINE', 6, '1,DF1,,C',8) 
3 CALL 	EMASFC('DEFINE',6, '4,.LP2O',7) 
4 CALL 	EMASFC('DEFf NE, 4, '5,. IN'S) 
5 CALL 	EMASFC( 'DEFINE' 	6, '6. OUT', 6) 
a CALL DINOUT 
7 CALL CALC 
0 STOP 
S END 
10 SUE.0UTrNE DINOUT 
11 COMMON/GROUND/CLaNG, DC, 0(1, XVOL, NRUNS 
12 WRITE(6, 601) 
13 601 FORMAT(IX, 	FILE NO-') 
14 READ(5, 501) 	A 
15 501 FORMAT(A2) 
16 WRITE(4,401) 	A 
17 401  
15 .301, *',31X, '*',/,301, '* 	DISPERSION DATA FOR  
19 .30X, '* 	 DI80',.A2, lOX, 	'*',/30X, 	'*',JIX,  
21 1.JRITE(6, 602) 
22 602 FORMAT(1X, 'TUBE LENGTH? 	(m)') 
23 READ*, 	CLONG 
24 WRITE(4,402) 
25 402 FORMAT(1X, 'INPUT 	DATA',!) 
24 WRITE(4, 403) 	CLONO 
27 403 FORMAT(1X, 'TUBE 	LENOTH; ',F5.3, 'm' 
28 WRITE(6, 603) 
29 603 FORMAT(1X, 'TUBE 	DIA. 2(m)') 
30 READ*, 	DC 
31 WRITE(4, 404) 	DC 
32 404 FDRIIAT(1X, 'TUBE 	DIAMETER; ',E9.3, 	m) 
33 WRITE(6, 604) 
34 604 FORMAT(IX, 'DIFF. 	COEFF. 2') 
READ*, 	DM 
24 HRITE(4, 405) 	DM 
37 405 FORMAT(1X, 'DIFFUSION COEFFICIENT; ',E8.2, 'm**2 	per 	s') 
32 WRITE(6, 605) 
35 605 FORMAT(I)(, 'EXTRA 	-TUBE VOLUME?) 	ul 	('( 
40 READ*, 	XVOL 
41 • WRITE(4, 406) 	XVOL 
42 406 FORMAT(IX, 'EXTRA 	-TUBE VOLUME; ',F4. 1, 'ui'!) 
43 READ(7i701) 	NRUNS 
701 FORMAT(IX,12) 
45 WRITE(1, 101) 	NRUNS 
46 101 FORMAT(1X,12) 
47 WRITE(4, 407) 
48 407 FORMAT(ix, ' 	RUN 	SIQexp/ul 	SIGexp#2/ui**2 	SlOtaqior/ul 
49 . SIQty1or**2/6i**2 	SIGT.esidu4l**3/ul**2 	FR/ui 	per 	') 
SC' RETURN 
51 END 
52 	 SUBROUTINE CALC 
53 COM)ION/QROUND/C LONG, DC. DM , XVOL, NRUNS 
54 	 TVOL=(( )DC/2. 0)**2)*3. 14159*I.OE+O9*CLONO)+XVOL 
DO 20 N=1,NRUIJS 
READ(7,*) INS, 	P14 
57 	 FV=TVOL/TMS 
52 SIGMAE=(FV*PW)14. 0 
59 
60 	 SIQESSIGMAE**2 
61 SIOtS=SIOT**2 
42 	 RESIDSI0ES-SlQT5 
62 HRITE(4,408)N, 5IQMAE.ICES,SIG'T.SIG'TS,RESID.FV 
64 
	
	408 FORMAT( ix. 12, SX, ES. 3, 61, ES. 3, 9X, ES. 3, 121, 59. 3 
• 12X ES. 3, 14X, ES. 3) 
66 	 I4RITE(1. 102) FV,RESID 
67 102 FORMAT( IX, F149, IX, F149) 
48 	 20 CONTINUE 
60 RETURN 
73 	 END 
* ** * * ** ** ** ** **** ** ** ** *** *** ** * * 
* 	 * 
* DISPERSION DATA FOR 	* 





































































TUBE LENGTH. 2. 213m 
TUBE DIAMETER; 0. 100E-03m 
DIFFUSION COEFF.ICIENT;0.38E-08m**2 p-er s 
EXTRA -lUBE VOLUME; 8.3u1 
RUN StGexp/ul SIGexp**21u1**2 SlCtaylar/ul StOtayior**2/ui-**2 SlGresidua1**2/ul**2 FR/ui 	per 
1 0.119E+01 0. 142E+01 0.416E+00 0.173E+00 0.125E+01 0.367E+00 
2 0.112E+01 0.125E+01 0.379E+00 0.143E+00 0.110E+01 0.304E+00 
3 0.104E+01 0.108E+01 0.340C+00 0.115E+00 0.966E-+00 0.245E+00 
4 0.946E+00 0.895E+00 0.307E+00 0.940E-01 0. 'BOlE+OO 0.199E+00 
5 0.850E+00 0.723E+00 0.260E+00 0.674E-01 0.656E+00 0. 143E+0O- 
6 0.747E+00 0.557E+00 0.204E+00 0.417E-01 0.516E+00 0. 884E-01 
7 0.703E+00. 0.495E+00 0.161E+00 0.260E-01- 0: 469E+00 0.532E-01 
3 0.749E+00 0.561E+00 0.137E+00 0.187E-01 0.542E+00 0. 396E-0i 
9 0.129E+01 0.167E+01 0.473E+00 0.223E+00 0.144E+01 0.474E-+00 
10 0.122E+01 0.150E+01 0.444C+00 0 197E+00 0.130E+01 0-418E+00 
11 0.135E+01 0.182E+01 0.510E+00 0. 20E+0.0 0.136E+01 D. 551E+00 
12 0.140E+01 0.197E+01 0.539E+00 0.291E+-00 0. 168E+01 0.617E+00 
13 0.147E+01 0. 215E+01- 0.567E+00 0. 322E+Q0 0.183E+01 0.682E+00 
14 0.140E+01 0. 19.7E+01. 0.534E+00 0.285E+00 0.169E+01 0.604E+00 
15 11.127E+01 0.161E+01 0.456E+00 0.208E+00 0,140E+01 0. 44-IE+00 
16 0.103E+01 0.117E+01 0.370E+00 0.137E+00 0.103E+01 0.290E+00 
17 0.941E+00 0.885E+00 0.304E+00 0.925E-01 0.793E+00 0.196E+00 
13 0. 150E±01 0.224E+01 0.580E+00 0.336E+00 - 	. 0.191E+01 0. 713E+00 
19 0.307E-+01 0.942E+01 0..203E+01 0.414E+01 0. 529E+01 0. 877E+01 
20 0.306E+01 0.938[:+01 0. 196E+01 0.385E+01 0. 552E+01 0.81' 
21 0.306E+01 0.934C+01 0.190E+01 0.360E+01 0.573E+01 0.764E+01 
22 0.287E+01 0.824E+01 0 1.84E+01 0.339E+01 0. 485E+01 0.718E+01 
23 0.305E+01 0.930E+01 0.184E+01 0.339E+01 0,592E+01 0.718E+01 
24 0.296E+01 0.876E+01 0.181E+01 0.329E+01 0.548E+01 0.696E+01 
25 0.272E+01 0.740E+01 0.174E+01 0.302E+01 0.438E+01 0.640E+01 
26 0.281E+01 0. 79iEQ1 0.167E+01 0.279E+01 0.312E+01 0.592E+01 
27 0.269E+01 0.724E+01 0.159E+01 0.254E+01 0.470E+01 0.5313E+01 
28 0.276E+01 0.763E+01 0.158E+01 0.248E+01 0.515E+01 0.526E+01. 
29 0. 265E+01 0. 700E+01 0.154E+01 0. 238E+01 0.462E+01 0.504E+01 







Figure A. 3.4 Flow chart for the program DISFI T 
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Figure A 3.5 FOR TR4 N code iccr  the program 
BISFI T 
Sur EDCEI5.DISFIT 	 Compiled. 25/03/83 	19.41.47 
Ob 	OI5FITC 
Farm; ;et: FIXED 
EOINDIJRLIH FORTRAN77 COMPILER VERSION 20. 10 
DIMENSION A(20). XSEC(20), XVAL(5000) 	Y(5000) 
2 CALL 	Et1ASFC('DEFINE',. 	'5,. IN'S) 
3 CALL EIASFC('DEFINE',A, '6,. OUT', 6) 
CALL 	EIIASFC('DEFINE',6, '7,. LP2O',7) 
.5 CALL EMASFC'OEFtNE',, '9,053, 	C'S) 
READ(2,*) 	IDEGRE 
7 IDELIRE=IDEGRE-+-1 
0 DO 	10 J=1. IDEGRE 
READ(2,*) 	AId> 
10 202 FORMAT)E15.8) 
11 10 CONTINUE 
12 RITE(6,602) 
13 602 F0Rr1T(IX, 'INPUT FLOW—RATE RANGE OVER WHICH DATA IS REQUIRED') 
14 CALL FPRMPT( 'FRMIN7''. 
READ*, 	FRMIN 
CALL 	FPR)IPT('FRIIAA ... .6) 
17 READ*, 	FRMAX 
13 IJRITE(6,603) 
19 603 FORMAT(1X. 'INPUT FLOW—RATE 	INCREMENT') 
20 CALL FPRMPT('INCREMENT?', 10) 
21 READ*, 	AINC 	 1 
22 WRITE(6.604) 
23 604 FOR)IAT(IX, 'INPUT MAX. 	VALUE OF RESIDUAL VARIANCE AVAILABLE ON PLOT 
24 . AXIS') 
2. CALL FPRMPT( 'MAX. RES1D. VAR. 7', 15) 
26 READ*, 	RVMAX 
27 XVALD=FRMIN—AINC 
20 NRUNS=-1 




33 DO 20 K=2. IDEGRE 
24 XSEC(K)=A(fr,)*(XVAL(I)*(R—l)) 
35 20 CONTINUE 
24 Y(t)=A(1) 
37 DO 35 L=2, IDEORE 
30 VII >=V( I )+XSEC (L) 
39 35 CONTINUE 
40 IF(XVAL(I).Gt. 	FRf'IAX> 	0010 	55 
'13 IF(Y(I).GT. 	RVMAX) 	GOTO 	55 
42 50 CONTINUE 
43 55 WRITE(9, 901) 	NRUNS 
44 901 FORrIAT(1X. 	IS) 
43 DO 70 	I=1,NRU'JS 
44 I4RITE(9,902) 	XVAL(I), 	Y(I) 
47 902 FORMAT(1X.14.9)1X,F14.9) 
4>3 70 CONTINUE 
49 IDEGRE=IDEGRE-1 
50 WRITE(7,01) 	IDEGRE 
53 701 FORMAT(//, 1X, 'POLYNOMIAL —DEGREE 	'12) 
52 IDEGRE=IDEGRE+1 
53 00 90 J=1, IDEGRE 
54 kc=J-1 
55 WRITE7.702) 	K, 	A(,)) 
56 702 FORl1AT(/,1X, 'COEFFICIENT 	A)'. 12. ')='.F14.8) 
57 90 CONTINUE 
50 STOP 
59 END 
CODE 	1784 BYTES 	PLY + DATA 	41456 BYTES 
5TAC. 408 BYTES DIAG TABLES 200 BYTES 	TOTAL 43948 BYTES 
COMP ILAT 1)3W SUCCESSFUL 
WAJ 
Having got both a file containing the raw flow-rate/residual variance 
data and a file containing the points of a 'best line' to fit the 
data, an interactive graphics program titled DISPLOT was used to 
display the results. This programuses a series of graph plotting 
routines from a library graph plotting packed to draw, title 
and number a suitable set of axes. The program then prompts for 
the raw data file name, plots this data and continues to prompt 
for the data file of a line to fit the data. The program is fairly 
straightforward and is best understood from a study of the flow 
chart presented in Figure A3.6. The actual program itself is given 
in Figure A3.7. 
Using the series of programs outlined, the degree of the 
polynomial fitting the flow-rate/residual variance data was increased 
until a good, smooth fit was obtained. This process was speeded 
up considerably by using a cathode ray tube of a graphics terminal 
to display the output from the program DISPLOT rather than having the 
output listed to the graph plotter. 
With the polynomial coefficients describing the 'best fit' 
to the dispersion data it is now possible to write programs which 
subtract the residual variance produced by the various extra-
column hardware configurations from raw chromatographic data, 
revealing the true column performance. 
A3.4 Details of the computer program used to demonstrate the 
effect of operating a narrow-bore packed column, capable 
of optimum performance, with the various extra-column 
hardware configurations developed in this work. 
This interactive FORTRAN77 program titled VANDISP uses the 
polynomial coefficients of the 'best fit' lines to the dispersion 
data obtained in Chapter 5 to calculate values of the residual plate 
height, i.e. the plate height arising due to extra-column factors. 
These values are then added to the plate height predicted by the 
semi-empirical equation: -  
h = 	+ AV 1/3 + CV 
V 
A3-1O 
Figure A3.6 Flow chart for the program DISPLOT 
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Figure A3.7 IMP code for the program DISPLOT 
Sou rce' EDCE15. DISPLOT 	 Compiled 25/00/83 	19.00.01 
Object DISPLOTC 
Parn 	't: FIXED 




2 	XEXTERNALROLTINESPEC PLOTTERTYPE(XINTEGER N) 
3 XEXTERNALROUTINESPEC OPENPLOTTER(XINTEOER ICHAr)) 
4 	7.EXTERNALROUTINESpEC GRAPHPAPER('4LONGREAL XLNGTH, XINTEGER C 
C UNITS) 
S 	XEXTERNALROUTINESPEC SETPLOTXLONGREAL XMIN, YMI>4, XMAX, YI1A., XC 
C ',iINTEOER IUJ1T5> 
XEXTERNALROUTINESPEC SCALE LuI400EAL XIJRIOIN,YIJPIOIN, ?.0 
C 	XSCALE YSCALE, THETA> 
7 XEXTERWALINTEQERFNSPEC PLOTRECS 
U 	XEXTERNALROUTINESPEC CLOSEPLOTTER 
'7 XEXTERNALROUTINESPEC FILEORAPH 
10 	XEXTERNALROUTINESPEC MERGEGRAPH>XINTEGER ICHAN> 
Ii XEXTERNALROUTINESPEC CHANQEPEN (%INTEQER IPEN) 
12 	XEXTERNALIP4TEGEPFNSPEC PLOTFAL'LT 
13 XEXTERNALROUTINESPE: PLOV(XINTEQER LOCH, XLONQREAL lOX, XC 
C 	TOY DASH, GAP) 
14 XEXTERNALROUTLNESPEC AREAFLAG>XSTRING (3)5> 
13 	XEXTERNALP.OUTINESPEC PENPOSITION7.LONGREALNAME X, Y)  
14 XEXTERNALROUTLNESPEC AXIS(XLON)REAL X,Y/INTEGER XC 
I 	IDIRN,XLONQREAL TIC[NT.XINTECER LNTNO) 
1 7 XEXTERN>U,.ROUTINESpEC POINTSMB0LXINTEGER ICODE,XLONGREAL SIZE) 
1)? 	XEXTERNALROUTINESPEC L.INEGRAPH(%LONQREALARRAYNAME X, YXC 
C 7I4TEGER MN. XLONGP.EAL DASH GAP, XINTEGER ICODE. XLONGREAL SIZE) 
I'? 	XEXTERNALROUTINESPEC CURVE(XLONGREALARRAYNA)IE x, V. XC 
C :'.INTEGER MN. XLONGREAL XON, VON, DX, DY DASH GAP. .(-. 
C 	XINTEGER ICODE. XLONOREAL SIZE) 
20 XEXTEP.NALROLJTI4ESPEC ANNOTATE(XLONGREAL 1. V. SIZE, THETA) 
2i 	7.EXTERNALROUTINESPEC PLOTSYMSOL(XINTEOER ICODE) 
22 XEXTERNALROUTINESPEC PL0TNUM)3E(XL0N0REAL X.XINTEOER MN) 
23 	XEXTERNALROUTINESPEC PLOTSTRING(XSTRING (255) ICHARS) 
24 XEXTERNALROUTINESPEC. PROMPT(XSTRINQ(15)5) 
25 	XEXTERNALROUTINESPEC DEFINE(XSTRINO(255)9) 
2 XI3EQIN 
27 
20 	 XSTRING(255)5 
29 XINTEOth r,N, ,j,C,SS 
20 	 7.REAL PX, PY, XMIN XMAX, YMIN. YNAX 
31 DEFINE('ll,. IN') 
32 	 ELECTINPUT(IH 
33 PRINTSTP.ING( 'Response to . must be in 	'quotes ' 
34 	 NEWLINE 
35 PINTSTRtNG( 'Pesbonse to 7? is V (if option required 
34 	 PROMPT('Graph File 
37 READOTRING(S) 
30 DEFINE( '6&,. '.5) 
39 	 OPENPLOTTER (66) 
40 SETPLOT(0. 0, 29. 7, 21. 0. N 'CIlS') 
41 	 PROMPT('Barder ??') 
42 SKIPSYMEOL XWHILE NEXTSYMBOL=' ' XOR NEXTSYMIIOL=NL 
43 	 READSYMBOL(SS) 
44 XIF SS='' XTHEN XSTART 
45 	 SCALE (0, 0 1, 1, 0) 
40 PLOT( I,0,0,0,0, 
47 	 PLOT (2,0.21.0,0,0) 
40 PLOT )2,29.7,2j.0.0,0) 
49 	 PLOT (2, 29. 7, Oi 0,0) 
50 PLOT (2, 0,0, 0, 0) 
51 	 XFINISH 
52 SCALE (4. 0, 3. 0.2.25,2.25,0) 
53 	 AX 15(0.0,4.0. M'—Y', 1.0,6) 
5.4 AXLS(0.0,0.0,M'x',I0,9) 
53 	 AX IS) 9. 0, 0. 0, H 'V 	1. 0, 6) 
56 AXIS(?. 0,6.0, H'—X', 1.0,9) 
37 	 PY=6. 0 
50 7.CYCLE 1=1,1,7 
sc 	ANNOTATE (-0. 6, PY-0. 07, G. 08,0) 
40 PLOTNUHEER(PY, ii) 
41 	- PY=PY-1.0 
62 ZREPEAT 
PX=0. 0 
64 	 XCYCLE 1=1, 1, 10 
65 ANNOTATE(PX—O. 26. —0. 26. 0. 08. 0) 
44 	 PLOTNUIISER(Px, 1,1) 
67 PX=PX+1.0 
60 	 XREPEAT 
ANNOTATE(-0. 9, 1. 2 0. 12, 90) 
70 	 PLOTSTRING( 'RESIDUAL VARIANCE!') 
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71 PLOTSYMGOL(172) 
72 PLOTSYMBOL( IOU) 
73 PLOTSYMOOL ( 14) 
74 PLOTSYP1130L(50) 
75 PLOTSYMBOL(i5) 
ANNOTATE(3. 3-0. 9, 0. 12.0) 
77 PLOTSTRINQ( 'FLOIJ-RATE/') 
74 PLOTSYMIIOL) 172) 
75 PLOTSYMOL( 100) 









84 PROMPT) 'Legend 	2') 
READSIRINO(S) 
91 PLOTSTRIN4(S) 
PROMPT 	'Date 	File 	7 	'1 
REA0STRIN0S) 
'94 DEFINE('67, '.S) 
'$5 PROMPT 	'No of Curves: 
READ (C) 
97 Y.CVCLE 	.3=1, 1 	C 
.3 CHANQEPEN)J) 
99 PROMPT) 'No. oç 	Points 	.) 	) 
100 SELECTI14PUT(67) 
101 READ(N) 
143 PROMPT VV 	h:) 
102 XCYCLE 	I=i,1.r') 
104 READ(V(l)) 
105 READ(H(1)) 
10 . 	XREPEAT 
107 LINEGRAPH( V. H, 1, N, 0. 0 	.3.0.03) 
100 SELECTINPUT(11) 
109 PR(JMPT('Line 	??') 
110 SKIPSYME0L 7.I4HILE NEXTSYIIII0L=' 
Ill READSYM!30L(SS) 
112 XIF SS'Y 	XTHEN 7.START 
113 PROMPT) '1mm: 	Yrnin: 	'> 
114 READ(XMIN) 
115 READ)YMIN) 
1.11, P LOT (1, 111114. 'YMIN, 0,0) 
117 PROMPT(')( 	Ymax: 
118 READ(X$IAX) 
119 READ(YMAX) 
120 PLOT (2,XrlAX,yr)AX,0,O) 
121 7.FINISH 
122 PROMPT.) 'Curve 	7?'> 
123 STPSYM5OL 	/.WHILE NE.XTS$MBOL=' 
124 READSYMBOL(SS) 
125 7.IF SS='Y' XTHEN 'KSTART 
126 PRONPTYF1Ie 7') 
127 READSTRI'NOS) 
128 DEFINE('60. '.5) 
12 17, SELECTINPUT(60) 
130 PROMPT( 'No, of 	paints 
131 READ(N) 









t4i SKIPSYMI3OL 	41.JHILE r'IEXTSYMOOL=NL 
142 READSYMDOL(SS) 
143 7.IF SS='Y' XTHEN XSTART 
144 PX=0. 5 
145 PY=5. 5 
146 XCYCLE 	.J=1,1,C 
147 CHAI'IOEPEN(J) 
1413 PLOT( 1,PX,PY,0,O) 
149 POINTSVMBOL(j,c. ó3 
150 ANNOTATEPX+O, 12,PY-0. 08.0. 09,0) 
15t PRINTSTREN'O( 'Curve') 
152 PRINT(J,3,O) 
152 NEI4LINE 












XOP HEX rC,YNW0L=NL 
001. 1,0,0, 0) 
7.OR .)JE;(TSYM)30L=' 
162 L.INES ANALYSED IN 	619 MSECS - SIZE= 645 
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to produce values for the observed plate height. The pro gram outputs 
two sets of logh/Lógv data to graph files, one containing data produced 
by the above equation alone, the other containin g observed reduced 
plate height data. 
How the program works 
This is best established by consulting the flow chart given in 
Figure A3.8. and the program itself listed in Figure A3.9. Briefly, 
however, column details (e.g. column length, column diameter, total 
porosity, particle size and diffusion coefficient) and the coefficients 
A, B and C for the Knox equation are read and the dispersion file 
containing the polynomial coefficients for the dispersion data of 
interest is identified by the subroutine AINOUT. This subroutine also 
outputs this data to a line printer for checking. The program then 
establishes the range over which data is required and the increment 
by which the reduced velocity is to be increased, by suitable prompts 
to the user at a V. D.U. It should be noted that the program has 
been specially adapted to produce results either with or without a 
C term. The reason for this is that similar calculations to the ones 
described at the end of Chapter 5 have also been required in Chapter 
6. Here, however, the effect of extra-column hardware on columns 
packed with non-retentive solid glass beads has been studied, thus the 
requirement for dropping the C term in the calculations. 	In the program, 
the calculation subroutineCALCC is called on if a C term is to be considered 
while subroutine CALC is called if it is not. 
With the correct calculation subroutine chosen, the column parameters 
and starting reduced velocity are used to calculate the flow-rate. 
[of 




	liquid in the coluninj.lof solute  = 
Particle size 
The corresponding value of the residual variance is then obtained by 
interpolation using the polynomial coefficients describing the 'best line' 
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Figure A3.8 Flow chart for the pro gram VANDISP. 
Start 
I 	Define I/O channels I 
Read: -  Knox equation coefficients , column 
dimensions E 	d 
Output:- Knox equation coefficients, column 
dimensions Ett,dP •.0m 
Read dispersion file name 
Write dispersion file name to line printer 
/ Read polynomial degree 	I 
Read polynomial coefficients 
More 
ata ? 
Read nu range over which data is required (UMIN .UMAX) 
Calculate the max. flow-rate from UMAX (FRMAX) 1 
/ Read flu increment (AINC) 	/ 
Read max. value of h available on plot axis (HMAX) 
Read max. flow-rate covered by dispersion data (OFRNAX) 
Write table headings 
IIC 
tern 	
Ys au ire d 2 
Continued on next 
page 
Flow chart for this pathway almost 
identical to that with C term - only 
differs in calculation of 
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Figure A3.8 (Continued) 
( 	Read C term / 




UVAL U VAL+ AINC 
Increment counter 
NRUNS = NRUNS # 1 
Calculate flow-rate 
Interpolate f hlrresid 
for c/d  value 
Calculate hresid 	I 
Calculate h theory 
hobs = hres id hfheory 
Output f h1. 
& h0 ,5 to line printer ) 
Store lognu Jog h UbS 





f > OFRMAX>— 
> 	 —Yes  
Output NRUNS 
to graph files 
1 & 2 
Output lognu £ 
logh to t5.filel 





Output C term 
to line printer 
(Stop 
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Figure A3. 9 FOR TRA N code for the program 
VA NOISP 
EDCEI5.VANDISP 	 Compiled. 25/08/83 	1330. 38 
Obie.:') 	VAND1SP 
PC"'i m"'l: F[(ED 
F'DINBUROH FORTRAN77 COMPILER VERSION 20 	10 
COMION/tC TERM/IC 
CALL EMASFC 	' 0E 	I WE EP)JLY, 9) 
CALL EMASFC( 'DEFINE'.6 '12,DPOLY7',9) 
CALL E)IASFC t 	DEFINE', b '13, DPOLYB', 9) 
CALL EMASFC) 'OFF TNE',6, '9, 	OUT',6) 
CALL EMASFO 	DEFINE 	o, IN' 	5) 
CALL EMASFC( 'DEFiNE', 6 LP2O' 	7) 
CALL EI1ASFCmDEFINE',, '3,01,,C,7; 
:ALL EMASFC'DE:FINE'6, '1592.,C',E3) 
CALL AINOUF 
IFCIC .E1 	0 	1 	0010 20 
CALL CALCC 
QOTO 30 
14 	 20 CALL CALC 
20 srop 
ENC' 
17 SUBROUTINE AINOUT 
10 INJTEOER 	DIOP 
14 C0MMON/ SPEC S/AVAL, POWER, B,C LONG, COLE , lA,TOTP4R, PSI 7 E,DIFFC/i"pE, 
.DI.SP , IDEORE.A(20) , XSEC2O),UMIN,UMAX, AM, AINC/ICTERN,'IC/TEST/FRMA , 
21 . , DFRMAX,HMAX 
22 l'JRITE(9,901) 
23 901 FORMAT( IX, 'SUPPLY FOLLOWING DETAILS') 
CALL FPRMPT( 'A 	TERM?', 7) 
.35 READ*, 	AVAL. 
WRITE(6, 620) 	AVAL 
27 620 FORMAI(IX, /////////, lx, 'A 	TERM=',F3. 1) 
28 CALL FPRMPT('POL4ER?',6) 
.29  READ*, 	POWER 
(4RITE(6, 621) 	POWER 
31 621 FORMAT (1X, 'A 	TERM EXPONENt=',F8.6) 
22 CALL FPRMPt('O 	TERM"', 7) 
33 READ*, 
'34 WRITE(6, 622) 	0 
25 22 FORrIAT(IX, 	'0 	rEp,ti', F]. 1) 
CALL FPRMPT( 'COLUMN LENOTH'', 14) 
27 READ*, 	CLONO 
LJRITE(6,611) 	CLONC 
oil FoRriArtix, 'COLUMN 	LENGTH; 	, FS. 3, 	n' 
47 CALL FPRMPT( 'COLUMN 	clAN. 2', 13) 
41 READ*, 	COLDIA 
42 WRITE)6612) 	COLDIA 
612 FORMAT) S y 	 DI AMETER. ' . E9 	3, 
44 CALL FPRNFTC'TCTAL POROSITY?', 15) 
43 READ*, 	TOTPOR 
46 WRITE(6, 613) 	TOTPDR 
47 613 FORIIAT(1X, 'TOTAL 	POROSITY; ",F5.3) 
48 CALL FPRMPT( 'PARTICLE SIZE?', 14) 
4-3 READ, 	PSIZE 
sc WRITE(6,615) 	PSIZE 
£15 FORMAT( 1X, 'PARTICLE 	SIZE; ',E9.3, 'rn) 
82 CALL FPRMPT(DIFF.COEFF.'7', 12) 
53 READ*, 	DIFFC 
54 WRITE(6, 614) 	DIFFC 
53 614 FORMAT (1X, 'DIFFUSION COEFFICIENT=', ES. 2, 'm**2 	s**-1') 
So CALL FPRMPT('DISP DATA NO.?', 14) 
57 READ*, 	DISP 
58 WRITE(4.631) 	DISP 
54' 631 FORMATIIX. 'DISPERSION DATA FOR DISP', 11, ' 	USED FOR 	CALCULATIONS', 
60 . /1//I 
'i IF(DISP 	.E0. 	6) 	0010 61 
IF(DISP 	. EQ. 	7) 	0010 64 
IFIDIEP 	.EQ. 	8) 	0010 	67 
64 URITE(6.669) 
669 FORMAT(1X, 'DISPERSION FILE NOT FOUND') 
0 0010 100 
1 READ(ll,lll) 	IDEORE 
IDEGRE=IDEORE+1 
111 FORMAT(I1) 
70 DO 62 J=1. IDECRE 
71 READ (11.112) 	A(J) 
72 112 FOR MAT)E15. 8) 
72 62 CONTINUE 
74 OOTO 69 
o4 READ (I2,ilI) 	IDEORE 
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IDORE=EDE.ORE±1 
77 00 65 J=1, IDEGRE 
78 READ(12, 112) 	A(J) 
Figure A3.9 
81 67 READ) 13, 111) 	IDECRE 
12 IDEQRE=IDEQRE+1 
2:3 DO 6e J=I,IDEGRE (Continued) 914 READ(13I12)A(J) 
83 68 CONTINUE 
86 69 WRITE(9. 902) 
87 902 FORMAT(1X, 'INPUT RANGE OF LOG(10) NU VALUES OVER WHICH DATA IS F:EG 
88 .UIRED') 
87 CALL FPRMPT( 'UMINL?' 6) 
90 READ*, 	UMINL 
91 UMTN=10. 0**UMINL 
92 CALL FPRMPT('UMAXL?',6) 
92 READ*, 	UIIAXL 
94 UMAX=10. 0**UMAXL 
93 AMTOTPOR*3. 141593*((COLDIA/2.0)**2) 
96 FRMAX=(AM*DIFFC*UMAX/PSIZE)*1. OE+09 
97 WRITE(9. 903) 
903 FORMAT(1X, 'INPUT 	NU INCREMENT') 
99 CALL FPRMPT( 'AINC?', 6) 
100 READ*, 	AINC 
101 WRITE(9. 904) 
102 904 FORMAT(1X, 'INPUT MAXIMUM VALUE OF LOG(10) 	H AVAILABLE ON PLOT AXIS 
102 
104 .) 
105 CALL FPRMPT( 'HMAXL?', 6) 
106 READ*, 	HMAXL 
107 HMAX=lO. 0**HMAXL 
108 WRITE(9, 905) 
903 FORMAT) l 	INPUT MAXIMUM FLOW-PATE OF DISPERSION DATA 	.'AILADLE 
11') .L S-1) 
Ill CALL FPRMPT( 'DFRMAX', 7) 
112 READ*, 	DFRMAX 
113 WRITE(6,632) 
114 632 FORMAT(IX, ' 	cv/uL5**-1 	ITRUE 	 hRESID. 	hOSS 
115 .1 
L1 WRITE(9910) 
910 FORtiAT)1X, 'IF C 	TERM REQUIRED 	TYPE 	I 	- 	IF NOT 	TYPE 0) 
118 CALL FPRMPT('l 	OR 	0?' 	7) 
119 READ, IC 
120 100 RETURN 
121 END 
122 SUBROUTINE CALCC 
123 INTEGER DIOP 
124 CO)IIION/SPECS/AVAL,POWER,B,CLONG,COLDIA,T0TPOR,PSIZE,DIFFC 	'TYPE/DI 
125 .SP,IDEORE,A(20),XSEC(20);UMIN,UMAX,AM, AINC/FLOW/FV/TESTIFRIIAX 
126 , DFRMAX,HMAX 
127 DIMENSION XU(5000) 	YHTRUE)5000),YNOBSI5000> 
128 
12A CALL FPRMPT( 'C TERM?', 7) 
130 READ*, 	C 
131 UVAL=UMIN>-AINC 
132 NRUNS-1 
133 00 400 N=1,5000 
124 UVAL=UVAL+AINC 
135 NUNSNRUNS+1 
136 FVAMDIFFCUVAL/PSI7E)R1. OE+09 
127 IF 	(FV 	ST. 	FRMAX) 	GOTO 450 
138 iF 	(FV 	.81. 	DFRMAX) 	SOlO 	450 
13 DO 200 K2, IDESRE 
14? 
141 200 CONTINUE 
142 YVAL=A(1) 
DO 250 M=2, IDESRE 
144 YVALYVAL+XSEC (N) 
145 250 CONTINUE 




130 IF) 	YHOBS(N) 	ST. 	HIIAX) 	SOTO 450 
151 YHTRUE(N)=ALOG1O(HTRUE) 
152 XU(N)ALOG1O(UVAL) 
152 WRITE(6,650) 	FVHTRUE,HRESID,HOBS 
134 650 FORMAT (7X,F7. 3, 6X, ES. 4 6X, FS. 4, aX, FO. 4 
153 400 CONTINUE 
156 450 WRITE(8, 800) 	NRUNS 
157 WRITE(15, 800) 	NRUNS 
158 800 FORIIAT(1X,13) 
159 DO 500 I=1,NRUNS 
160 WRITE(8,700) 	XU(I), 	YHOBS(I) 
161 WRITE(15700) 	XU(I), 	YHTRUE(X) 
162 700 FORMAT(1X,F7.4,1X,F7.4) 
16.3 500 CONTINUE 
164 WRITE(6,640) 	C 




Figure A3.9 (Continued) 
163 SUBROUTINE CALC 
149 INTEOC4 0150 
170 COMMON/SPEC5/AVALPOWER,R,CLON8.COLLrA,TOTPORPSIZEDFCT.P, 
171 . DISP, IDEGRE A(20), X SEC (20), UM IN, UMAX, AM, AtNC /FLOW /Fy/ TEST 	0Ay 172 .FRMAHMAX 
173 DIMENSION XU(5000), 	YHTRUE(5000), 	YHOSS(0000) 
174 UVALUMIN—AINC 
170 NRUNS=-1 
176 DO 400 N=i 10000 
177 UVALU'iALIAINC 
178 NRUNSNRUN5+1 
179 FV=(M*DIFFC*UVAL/pSIZE)*1 05+09 
180 IF(FV .01. 	FRMAX) 	GOTO 450 
181 IF(FV .81. 	DFRMAX) 	8010 450 
182 DO 200 Y=2, IDEGRE 
153 
154 200 CONTINUE 
155 YVALA(j) 
186 00 250 M=2, IDEGRE 
3)7 YVAL=YVAL+XSC (II) 






194 IF(YHOBS(N) 	.81. 	HMAX) 	GOTO 450 
195 XU(N)=ALOG10JVAL. 
196 WRITE(6 650) 	F1', 	HTRUE, NRESIDHOB5 
197 650 FORIAT(7X 	F7. 3, SX 	F8. 4, 6X 	FB. 4, SX, FS. 4) 
198 400 CONTINUE 
199 450 WRITE(5,800) 	NRUNS 
200 WRITE(15,900) 	NRUNS 
201 800 FORMAT(1X, 13) 
202 DO 500 I1NRUN5 
203 1R1TE(8,700) 	XU(1)'IHOBS(I) 
204 WRITE(15,700) 	XU(I), 	YHTRUE(l) 
203 700 FORIIAT(IX , F74,1X,F74) 
206 500 CONTINUE 
207 RETURN 
208 END 
CODE 	6284 BYTES 	PLT + DATA 124808 BYTES 
STACk 1416 BYTES DIAG TABLES 	1428 BYTES 	TOTAL 133736 BYTES 
COMPILATION SUCCESSFUL 
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through the dispersion data. The residual variance value is then 




/ column length * particle size 
I cross-sectional area 
tof liquid in the coluj 
The theoretical value for the reduced plate height, h true, 
 is then 
calculated by straight substitution and these two values are added 
together to give the observed reduced plate height, hob. 
h 	= H 	+h Obs 	True 	Resid 
The flow-rate, h, h 	and h 	are output to a line printer. True 	Resid. 	Obs. 
(Example of output is shown in Figure A3.10). 	Log\, 	 Obs 
 
and logy , log 
True 
 are output to graph files. The reduced velocity 
is incremented and the whole process is repeated until the required 
range of reduced velocity values has been covered. 
The graphics program used to illustrate the results is essentially 
the same as DISPLOT described in Section A3.3, the only difference 
being that this program draws a different set of axes, i.e. different 
intervals, numbering and titles. As the programs are similar it is 
considered that there is little point in listing the modified version. 
To allow four relationships to be represented on a single h,') 
plot as is the case for the figures given at the end of Chapter 5, i.e. 
one theoretical line and three lines representing the situation with 
say different particle sizes, VANDISP is run three times, changing the 
particle size each time. A master file containing the data required 
for plotting is edited between each run, resulting in a file containing 
the theory plot and the three other plots. Because no raw data points 
are required to be plotted in this case, the graphics program is 
supplied with a dummy raw data file containing four sets of data which 
do not appear on the axis range of the h,v plot. 
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Figure A3.10 Example of output from program 
VA NOISP 
A TERM=1.0 
A TERM EXPONENT=0. 333333 
8 TERM =2. 0 
COLUMN LENGTH; 0. 500m 
COLUMN DIAMETER; 0. 125E-02m 
TOTAL POROSITV;0.700 	.. 	 - 
PARTICLE SIZE; 0. 500E-05m 
DIFFUSION COEFFICIENT=O. 38E-OGm**2  
DISPERSION DATA FOR DISP9 USED FOR CALCULATIONS 
fv/uLg**-1 hTRUE bRESID. hUBS. 
0.206 7.0375 0.4592 7.4966 
0.533 3.4665 0.8943 4.360e 
0.859 2.7470 1.2661 4.0131 
1.186 2. 5029 1. 5815 4.0844 
1.512 2.4182 1.8469 4.2651 
1.839 2.4040 2.0684 4.4724 
2.165 2.4260 2.2513 4.6773 
2.491 2.4684 2.4007 4.8691 
2.818 2.5232 2.5210 5.0441 
3.144 2.5856 2.6163 5.2020 
3.471 2.6531 2.6905 5.3436 
3.797 2.7239 2.7467 5.4706 
4.124 2.7968 2.7881 5.5848 
4.450 2.8711 2.8172 5.6883 
4.776 2. 9463 2.8365 5.7828 
5.103 3.0221 2A480 5.8701 
5.429 3.0981 2.8535 5.9516 
5.756 3.1743 2.8545 6.0288 
6.082 3.2505 2.8525 6.1029 
6.409 3.3265 2.B484 6.1749 
6.735 3.4024 2.8433 6.2457 
7.062 3.4781 2.8379 6.3160 
7.388 3.5534 2.(3328 6.3863 
7.714 3.6286 2.8286 6.4571 
8.041 3.7034 2.8254 6.5288 
8.367 3.7779 2.B236 6.6015 
B.6.94 3.8521 2.8234 6.6754 
C TERM=0. 1 
AINC= as 
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A3.5 Details of the computer program used to 'work up' 
chromatographic data from the raw data obtained from 
the chart output. 
This interactive FORTRAN77 program produces a list of 
chromatographic parameters (e.g. k', N, H, U, v, h, a and f) for 
each solute at each velocity examined. (An example of the output is 
given in Figure A3.11). A graph file of logh, logy values for 
plotting is also output. The program, titled HPLC, is very flexible. 
It may, for example, be used with either packed columns or open-
tubular columns (Chapter 8). The user can also decide whether column 
resistance or dispersion data correction calculations are to be 
performed. 
How the program works 
A flow chart of the program is given in Figure A3.12 while the 
program itself is presented in Figure A3.13. A brief description of 
the function of each subprogram unit will now be given. 
The main calling program - HPLC 
This establishes the column type and enquires if either or both 
column resistance parameter and dispersion data correction calculations 
are required. 
Subroutine OI'DINO 
When called, this subroutine reads in the open-tubular column 
details, e.g. number of runs, number of solutes, column length, 
column diameter and solute diffusion coefficients. To allow a check 
to be made on data input, these values are output to a line printer 
along with the main output table of chromatographic parameters. 
Subroutine PCDINO 
This is a similar subprogram to OTDINO. PCDINO is called,however, 
when chromatographic data for a packed column is required. It 
reads the number of runs, number of solutes, column length, column 
489.9 163.3 178.4 6.1 
499.9 163.3 219.4 6.7 
489.9 163.3 383.9 9.9 
869.7 289.9 316.4 11.3 
869.7 289.9 372.6 II.? 
669.7 289.9 548.2 
2
19.4 




1549 218.2 479.2 17.1 
321.2 267.7 292.3 12.2 
329.2 267.7 341.2 14.6 
321.2 267.7 598.9 28.6 
297.2 345.3 379.2 17.1 
297.2 345.3 415.7 25.9 
287.2 341.3 655.7 28.1 
158.3 263.9 289.2 13.9 
138.3 263.9 341.7 là.? 
158.3 263.9 555.8 23.8 
119.2 197.8 2*4.4 *2.2 
118.2 197.4 269.2 11.9 
L 118.2 197.1 383.3 17.2 
NU 	 6 	 £151941,! 	F./,1 per p 
0. 1385*01 	0.729E-01 
0,142E.02 0. 6392*01 
0. 5345*03 	0. 6625*03 
0. 7755.00 	0.796E-01 
0. 797E-00 0. 7705-0! 
0. 755E*00 	0. 5045.01 
0. 4335*00 	0.790E-01 
0. 4472*00 	0. 8062.01 
0. 4245*00 0. 7858.01 
0.210E-01 	0.109E-02 
0.2165.01 0.112E-02 
0. 2042.01 	0. 1069.02 
0.32594-01 	0. 1232.02 
0.334E-01 ..123E-02 
0.317E-01 	0.115E-02 
0. 42OE*01 	0. 144E.03 
0. 4385*01 0. 1328.02 
0.415E.01 	0-12;;-OZ 
0. 5702.01 	0. 1395.02 
0. 586E*01 0. 1308.02 
O. 555E-01 	0.12&E-02 
0.306E-01 	0. .095*00 
0. 3308.01 - 
C. 4972.01 
0. 320E-01. 	0.377F-00 
C. 270E.01 
C'. 2492.01 






0. 4048*01 	0. 1582*01 
0. 475E.01 
0. cOTS-OX 
0. 4325.01 	0.207E-01 
C. 5008+01 
C'. 715E-01 




Figure A3.11 Example ,if hIItflhI/ frnm fh 
P 	I-/PLC 
x XX X I XX XXIX XXXIX XXX XXIX XXXI XXXXXX 
I 	 1 
X 	CI4ROMATOORAPj.ilc DATA FOR 	x 
I COLUMN 0207E10024 
X 1 
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX) 	 Data input tile 
PACKED COLUMN 
IUXUT DATA 
.0. OF RUNS 7 
?C. OF SOLUTES 3 
COLUMN LENGTH 0. 499. 
COLUMN 0IATERG. 1055-02. 
TOTAL POROSITY 0. 759 
DIFFUSION COEFF. PEAK NO. 1 	0. 37E-08....2 p., i 
DIFFUSION COEFF, PEAK NO. 2 0. 36E-08.*.2 
DIFFUSION COEFP. PEAK NO. j  3 0. 32E-05...2 v or S 
PARTICLE SIZE 0. 5005-05. 
RUN 	SOLUTE 6 N H/u, U/rn per s 
1 O. 09 0. 137E.05 
0. 156503 
0. 36E*02 0.1029-02 
2 0.2B C. 328+02 
3 0. 96 0. 1515.05 0. 335.02 
2 	1 0.09 0. X2SE*05 0. 408.02 0. 5745-03 
2 0. 29 0. 1292.05 0. 39E.02 
3 0. 26 0. 1248.05 0. 405*02 
3 	1 0. 09 0. 1268*05 0. 398.02 0. 3328-03 
2 0.28 0. 124E.05 0. 405.02 
3 0.86 0. 127E.05 0. 395.02 
4 	 1 0.09 0. 9182.04 0. 548*02 0. 1555-02 
2 0.29 0.694E  .04 0. 565*02 
3 0.87 0. 9435*04 0. 535*02 
S 	 I 0. 10 0. 7968.04 0.63E-02 0.241E-02 
2 0.30 0.8115*04 0.62E.02 
3 0-90 0. 871E*04 0.57E-02 
ó 	1 0.10 0.693E-04 0. 72F-02 0.315E-02 
2 0. 21 0. 7388.04 0. 682.02 
3 0 c2 0.774E-04 0. 64E*03 
7 	1 0. 10 0-720E.04 0.69E-02 04422E-G2 
2 C. 32 0. 7655*04 0. 652.03 
3 0.95 0.795E.04 0.63E-02 
RUN 3OLUTE Hobs.'um Htrue/um VARIA0bs/ul**2 VARIAtrue/ul**2 
1 1 0. 365E+02 0.289E+02 0.938E+01 0.743E+01 
2 0.319E+02 0.264E+02 0.-113E+02 0.937E+01 
3 0.331E+02 0.305E+02 0.247E+02 0.228E+02 
2 1 0.398E+02- 0.348E+02 0.102E+02 0.893E+01 
2 0.3136E+02 0: 350E+02 0. 137EO2 0.124,E+02 
3 0.402E+02 0.385E+02 0.301E+02 0.288E+02 
3 1 0.395E+02 0. 361E+02 0. 1O1E+02 0.922E+01 
2 0.403E+02 0.379E+02 0.143E+02 0.134E+02 
3 0.393E+02 0.381E+02 0.291E+02 0.283E+02 
4 I 0.543E+02 0.441E+02 0.140E+02 0. 113E+02 
2 0.558E+02 0. .484E+02 0.200E-)-02 0.174E+02 
3 0.529E+02 0.494E+02 0.398E+02 0.372E+02 
5 1 0.627E+02 0.492E+02 0.163E+02 0.128E+02 
2 0..616E+02 0.320E+02 0.226E+02 0.190E+02 
3 0.573E+02 0.528E+02 0.445E+02 0.410E+02 
6 1 0.720E+02 0.563E+02 0.186E+02 0.146E+02 
2 0.676E+02 0.567E+02 0.250E+02 0.210E+02 
3 0.643E+02 O.94E+02 0. 511E+02 0.470E+02 
7 1 0.693E+02 0.515E+02 0.180E+02 . 0.134E+02 
2 0.652E+02 0.329E+02 0.243E+02 • 0.197E+02 
3 0.628E+02 0.371E+02 0.!)12E+02 0.466E+02 












0.106E+02 0. 989E+01 
0.125E+02, 0.984E+01 














AUST1 - CHROMATORAPHXC DATA 
	
rb 
DISPERSION DATA FOR OISP 8 USED FOR CALCULATIONS 
A3-24 
Figure A3.11 (Continued) 
COLUMN RESIS1ANCE PARAMETER DATA 
tm/s PRESSURE/psi PHI 
489. 9 625. 643. 
869.7 400. 730. 
1549.2 27. 894. 
321.2 920. 620. 
249.8 1160. 608. 
AVERAGE PHI VALUE= 699. 
ELUEN1 VISCOSITY USED FOR CALCULATIONS0.33E-03 Ns per square m 
TABLE OF VALUES OF THE SEPARATION IMPEDENCE,E,FOR EACH CHROMATOGRAPHIC 
RUN USING THE AVERAGE COLUMN RESISTANCE PARAMETER 
RUN 	SOLUTE 	 E VALUE 
1 	 1 	 0.233E+05 
2 0.195E+05 
3 	 O. 260E+05 
2 	 1 	 Q. 338E+05 
2 6.342E+05 
3 	 0.41E+05 
3 	 1 	 0.365E+05 
2 0.401E+65 
3 	 0.406E+05 
4 	 1 	 0.543E+05 
2 0.656E+05 
3 	 0.683E+05 
5 	 1 	 0.677E+05 
2 0.756E+05 
3 	 0.779E+05 
6 	 1 	 0. 888E+05 
2 0. 898E+05 
3 	 0.985E+05 
7 	 1 	 0.742E+05 
2 0. 784E+05 
3 	 0. 913E+05 
A3-25 
Figure A3.12 Flow chart for the program HPLC 
Start 
I Define I/O channels I 
Read column reference no. 




Column 	Open-tubular column 
type ? 
Packed column 
Write 'packed column' to line / 	IWrite 'open-tubular column to 
printer 	 / line printer 
Read column specifications / 	 lRead column specifications L 
L 	 & diffusion 	/ 	 &diffusion coefficients & no
coefficients &noofrunsjVRliNS/ of runs NRUNS 
Output column specifications/ 	 / Output column specifications & 
& diffusion coefficients to / / diffusion coefficients to tiny 
line printer & NRUNS to t5.flie / 	 / printer & NRUNS to tJ.flie / 
Output results table heading / 	 /Output results table heading 
Read raw chromatographic data J 	/ Read raw chromatographic data A 
II
Calculate chromatographic pam- 	 Calculate chromato graphic para- 
meters k, N,H, h .0 g nu, 0 	 meters k.N,H, h, u, nu a- , 
Store k'. H. h, flu • a-, I for f 	Store k H. h , nu • a-, f for 
future use in other sections of 	 future use in other sections of 
the program 	 A 	I the program 
Output k,N,H,h,u,nu,a- & fv / 	 / Output kN,H,h,u,nu.a- & f 
to line printer 	
/ 	 / 	
to line printer 
Output log nu & log h values to / 
	
=grtarph log





-s 	 Mor- YL OrL <da t ? 	 <data ? 
Continued on next page 
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Figure A3.12 (continued) 
Ion 
fill 7 
Read dispersion file number 
Output dispersion file no. to 
line printer 
Read polynomial degree 
Read polynomial coefficients 
yes 	More 
data? 
Output table heading 
Interpolate t, 14;4 relationship 
to obtain crr,2, f' particular 
Calculate 	o,. 
I 	Calculate 	H, I 
Calculate 	h 01,,. 
Output run no. ,solute no., HobS 
bs crn.. h0,, h, to line 
printer 




Continued on next page 
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Figure A 3.12 (con tinue d) 
0 
data ? 
Output table heading 
	
I OSUM=O 	I 
Read no. of data pairs (1, . P1 
Read 1, and P values 
I Calculate 0 	I 
Output f. .P and 0 to 	
/ line printer 




0 ave-age = OSUM/no. of data pairs I 
Output 0 average 
Output fable heading (E values) 
I Calculate E value (E=h 20) 	I 





Figure A3.13 FORTRAN code for the program HPLC 
5juics: EDCE15.HPLC 	 Cornpile4: 23/09/83 	12.32.24 
Object: HPLCK 
Pavm 	*t: FIXED 
EDINBURGH FORTRAN77 COMPILER VERSION 20.10 
1 INTEGER D.B.C.DISPR 
2 CALL EMASFC('DEFINE',6. '11.DPOLY6',9) 
3 CALL EMASFC('DEFINE'6 	'12,DPOLY7',9) 
4 CALL EMASFC('DEFINE'.6, '13 DPDLY8',9) 
5 CALL EMASFC('DEFINE'6, '14,LO2C,,C', 10) 
6 CALL EMASFC('DEFINE'.6, '9, .QIJT',é) 
CALL EMASFC('DEFINE'.6. '5,. IN', 5) 
8 CALL EMASFC('DEFINE'.6, '6,.LP20',7) 
9 CALL EMASFC('DEFINE',6, '8,LG1C,,C',9) 
10 WRITE(9, 901) 
11 901 FORMAT(1X. 'SUPPLY FOLLOWING DETAILS OF CHROMATOGRAPHIC SYSTEM;') 
17 CALL FPRMPT('COLUMN NO.'?'.11) 
13 READ(5. 501) 	D.B.0 
14 501 FORMAT(A4,A4,A2) 
15 WRITE(6.601) 	D.B.0 
16 601 FORMAT(/////,30X. 'XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX', / 
17 .30X. 'X',31X, 'X'. I,30X, 'X 	CHROMATOGRAPHIC DATA 	FOR 	XI,/ 
10 .30X, 'X 	COLUt'IW' ,A4,A4,A2,7X, 'X', /,30X. 'X'.31X, 'X'. / 
1? .30X, 'XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX' 	i//f/I) 
20 WRXTE(9. 902) 
21 902 FORMAT(1X, 'INPUT COLUMN TYPE 	- 	TYPE 1 FOR PACKED 0 FOR OPEN TUBE 
22 
23 CALL FPRMPT('I OR 0?',7) 
24 READ*, 	CTVPE 
25 IF(CTYPE 	EQ. 	1) 0070 50 
26 CALL OTOINO 
27 CALL OTCLC 
28 40 WRITE(9, 904) 
29 904 FORMAT(IX, 'tS PHI DATA REQUIRED? - TYPE I FOR YES 	0 FOR NO') 
30 CALL FPRMPT( '1 OR 0?', 7) 
31 READ*, 	IFPHI 
32 IF(IFPHI 	EQ. 	0) 	0010 100 
33 CALL PkICAL 
34 0010 100 
35 50 CALL PCDINO 
36 CALL PCCALC 
37 WRITE(9. 909) 
32 909 FORMAT(1X, 'ARE DISPERSION DATA CALCULATIONS TO BE INCLUDED WITH CH 
37 .R0)IATOGRAPHIC DATA? - TYPE 1 FOR YES, 	0 FOR NO') 
40 CALL FPRMPT('l OR 0?',7) 
41 READ*, 	DISPR 
42 IF(DISPR 	EQ. 	0) 	OCTO 40 
43 CALL PCDISP 
44 0010 40 
45 100 STOP 
46 . END 
47 SUBROUTINE OTDINP 
48 COMMON/PTAREA/NRUNS. IPEAKS CLONO. CULDIA. DIFFC(5). PSIZE. TOTPOR 
49 WRITE(6, 602) 
50 602 FORMAT(/f.31X. 'OPEN TUBULAR COLUMN  
51 WRITE(6.603) 
52 603 FORMAT(1X. 'INPUT DATA',/, lx, '  
53 CALL FPRMPT('NO.OF RUNS; '.11) 
54 READ*, 	NRUNS 
55 WRITE(6.604) NRUNS 
56 604 FORMAT(IX, 'NO.OF RUNS; '.12) 
CALL FPRMPT('NO.OF SOLUTES; '.14) 
58 READ*, 	IPEAKS 
59 WRITE(6,605) 	IPEAKS 
60 605 FORMAT(IX. 'NO.OF SOLUTES. '.12) 
61 CALL FPRMPT('COLUMN LENGTH; '.14) 
62 READ*, 	CLONG 
63 WRITE(6.606) CLONG 
64 606 FORMAT(1X, 'CbLUMN LENGTH. '.F7.3, 'm') 
65 CALL FPRMPT('COLUMN DIAM. ; '.13) 
66 READ*, 	COLDIA 
67 WRITE(6.607) 	COLDIA 
68 607 FORMAT(IX. 'COLUMN DIAMETER; '.E9.3. 'm') 
69 PSIZE=COLDIA 
70 DO 10 1=1 	IPEAKS 
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71 WRITE(9,903) 	I 
72 903 FORMATC1X,6)-4 PEAK 	.12) 
73 CALLFPRMPT('flIFF.COEFF. ; '.12) 
74 READ*, 	DIFFC(I) 
75 WRITE(6.609) 	1, 	DIFFC(I) 
76 608 FORMAT(jX, 'DIFFUSION COEFF. PEAK NO.;', 12.3X,E8.2, 'm**2 per 	s') 
73' 10 CONTINUE 
78 WRITE(6, 646) 
79 646 FORMAT(1X;////,/) 
00 WRITE(6. 609) 
91 609 FORMAT 	(IX, 'RUN 	SOLUTE 	k 	 N 	 H/urn 	U 





137 COMMON/PTAREA/NRUNS, IPEAKS, CLONO. COLDIA, DIFFC(5), PSIZE, TOTPOR/HVAL 
88 ./PMIC(5,50),PRP,To(5,5o),Fv(5,50),REDLG(5,50),HRUN(550)pH(SSo) 
89 WRITE(8, 801) 	NRUNS 
90 801 FORMAT(1X.12) 
91 AM=((COLDIA/2.0)**2.0)*3. 14593 
92 00 30 N1.NRUNS 
93 DO 20 J1. IPEAKS 
94 READ(7.) TMS.1MM.TR.TWID 
95 PRATO(J. N)=(TR-TMM)/TMM 
96 PNO=( (TR/TWID)**2. 0)*16. 0 
97 PH(J.N)(CLONO/PNO)*1.0E+06 
98 URUN=CLONQ/TMS 
99 REDU=(URUN*COLDIA)IDIFFC (..)) 
106 REDLG(J,N)=ALOG1O(REDU) 
101 HRUN(J,N)(pH(J,N)/COLDIA)*10E-06 




106 IF(J .GT. 	1) 	COTO 	10 
107 WRITE6. 610) 	N...J.PRATOJ,N),PNO,PH(,.J,N),URUN,PEDU,HRUN(,JN)PMIC(J 
1011 . .N).FV(J,N) 
109 610 FORMAT( 1X. 12, 6X, 12, 6X, F4. 2. 4X, E9. 3, SX, EB. 2, IX, E9. 3, 6X, E9. 3, 4X, E9. 3 
110 . .4X.E9.3.4X,E93) 
111 GOTO 15 
112 10 WRITE(6. 611) 	.).PRATO(J,N),PNO,PH(,J,N),REDU,HRUN(,),N).pMIC(J,r.1) 
113 611 FORMAT( 9X, 12. 6X. F4. 2. 4X, E9. 3, 5X. E8. 2, 19X. E9. 3. 4X. E9. 3, 4X. E9. 3) 
114 15 WRITE(R, 802) 	REDLC(,J. N), HRUNL 
802 FORMAT(1X,F.4,2X,F74) 
116 20 CONTINUE 
117 WRITE(6,612) 
118 612 FORMAT (1X./) 
119 30 CONTINUE 
120 RETURN 
121 END 
12 	 SUBROUTINE PHICAL 
123 COMMON/PTAREA/NRUNS, 	IPEAKS. CLONO. COLOIA, DIFFC(5), PSIZE, TOTPOR/HVA 
124 .L/PMIC(5.50,PRATO(5.50),FV(5,50),REDLG(5,5O),HRUN(5,50)pH(SSO) 
125 WRITE(9. 905) 
126 905 FORMAT(1X, 'ENTER NO. 	OF tm/s AND PRESSURE/psi VALUES ON WHICH COLU 
127 MN RESISTANCE PARAMETER IS TO BE BASED') 
123 CALL FPRMPT( 'NO OF TIP VALS?', 15) 
129 READ*, 	ITPVLS 
130 WRITE(9. 906) 
131 906 FORMAT(1X. 'ENTER ELUEN1 	VISCOSITY 	(Ns 	pev 	square rn)') 
132 CALL FPRMP1 ( 'VISCOSITY?', 10) 
133 READ*, 	ETA 
134 WRITE(6, 613) 
135 613 FORMAT(/i////.IX. 'COLUMN RESISTANCS PARAMETER DATA'.////) 
136 WRITE(6.614) 
131' 614 FORMAT(1X, ' 	tm/s 	 PRESSURE/psi 	PHI',/) 
138 WRITE(9, 907) 
13? 907 FOPI4AT(1X, 'ENTER t(n/s AND PRESSURE/psi VALUES') 
t'iO PHISUM=0. 0 
141 00 	0 N=1, ITPVLS 
142 CALL FPRMP1( 'ENTER 	tm/c', 11) 
141 READ*, 	TPS 
144 CALL FPRMP1('P/pi?'.6 
145 READ*, 	p 
116 PROD=P*Tp9 




Figure A 3.13 (con f/hued) 
120 WRITE(6.615) 	TPS.P,PHI 
151 615 FORMAT(4X.F9.l.9X.F7.0,9X.F60) 
152 50 CONTINUE 
122 PkIAV=PHISUM/ITPVLS 
154 WRITE(6.616) 	PHIAV 
155 616 FORMAT(///.1X. 'AVERACE p1-41 	VALUE='.Fo.0) 
156 WRITE(6.617) 	ETA 
157 617 F9RrIAT(//f1x. 'ELUENT VISCOSITY USED FOR CAL(:ULATIONS".E82. ' Ns 
152 per 	square m') 
15? WRIT E(6,618) 
160 618 FORMAT(///ff.IX. 'TABLE OF VALUES OF THE SEPARATION IMPEDENCE.E.FOR 
161 EACH CHROMATOGRAPHIC', /, IX,' RUN USING THE AVERAGE COLUMN RESISTA 
162 t'CE PARAME1ER') 
162 WRITE(6. 619) 
164 819 FORMAT(//,IX,' 	RUN 	SOLUTE 	 E VALUE',/) 
185 DO 100 N1.NRUNS 
168 DO 70 .1=1. IPEAKS 
a=(HRUN(J,N)**2. O)*PHIAV. 
160 tE(.) 	CT. 	1) 	OOTO 60 
189 WRITE(8.820) 	N..JE 
i;'O 620 FORMAT(4X.I2.7X.I2,12XE'?.3) 
171 60TO 70 
60 WRITE(6621) 	).E 
177 621 FORMAT(13X.12.12X,E9.3) 
174 70 CONTINUE 
175 WRITE(6,822) 
1/6 622 FORMA1(1X,/) 
177 100 CONTINUE 
1'0 RETURN 
179 END 
180 SUBROUTINE PCDINO 
1131 COMMONfPTAREA/NRUNS. IPaAKS. CLONG. COLDIA, DIFFC(5). PSIZE TOTPOR 
1)32 WRITE(8, 623) 
623 FORMAT(//. 31X. 'PACKED COLUMN 	.1/) 
10'! WRITE(6,621) 
105 624 FORMATC1X, 'INPUT DATA'. I. IX,  
108 CALL FPRMP1('NO.OF RUNS?'.11) 
12/ READ*, 	NRUNS 
WRITE(6,825) 	WRUNS 
62b FORMAT(1X. 	NO OF RUNS; '.12) 
191' CALL FPRMP1('NOOF SOLUTES?'. 14) 
 READ*, 	IPEAKS 
197 WRITE(6,626) 	IPEARS 
197 626 FORMAT(1X, 'NODE SOLUTES; '.12) 
194 CALL FPRMP1('COLUMN LENCTH?',14) 
READ*, 	CLONC 
191 WRITE(6,627) 	CLONO 
11/ 62;' FORMAT(1X. 'COLUMN LENCTH; '.F53. 'rn') 
1914 CALL FPRMP1('COLUMN DIAM. 7'. 13) 
19/ READ*, 	COLULA 
200 WRITE(6.828) 	COLDIA 
 828 FORMAT(IX. 'COLUMN DIAMETER; ',E9.3, 	rn') 
202 CALL FPRMPT( 'TOTAL POROSITY'?', 15) 
207 READ*. 	TOTPOR 
204 WRITE(6,629) 	TOTPOR 
205 629 FORMAT(1X, 'TOTAL POROSiTY.' 
208 DO 10 1=1. IPEAKS 
70;' WRITE(9.908) 	I 
202 908 FORMAT(1X.6N PEAK 	12) 
209 CALL FPRMP1('DIFF.COEFF.?'. 12) 
210 READ*, 	DIFFC(I) 
2)) WRITE(8,630) 	I. 	DIFFC(I) 
712 630 FORMAT<1X. 'DIFFUSION COEFFPEAK NO.;'. 12.3X.E8.2, 'rn**2 per 	s> 
212 10 CONTINUE 
P 4 CALL FPRMP1( 'PARTICLE SIZE?', 14) 
215 READ*, 	PSIZE 
716 WRITE(6.631) 	P13IZE 
631 FORMAT(1X. 'PARTICLE SI7E; '.E9.3. 'rn. I//Il) 
71 )3 L4RITE(6.632) 
219 637 FORMAT(1X. 'RUN 	SOLUTE 	k 	 N 	 H/urn 	U/rn 
220 per 	s NU Ii 	 SICMA/ul 	Fv/ui 	per 	s',/) 
221 RETURN 
722 ENJ) 
223 	 SU1ROUTINE PCCALC 
224 COMMON/PTAREA/NRUNS. IPFAKS. CLONC. COLDIA. DIFFC(5). PSIZE. TOTPOR/HVAL 
225 	 ./PMIC(5,5O),PRATO(5,50),FV(5,5O),REDLQ(5,50) , HRUN(5.50) , PH(5.50) 
226 WRITE(8.803) NRUNS 
22/ 	803 FORMAT(IX. 12) 
220 AM=TOTPOR*3. 141593*( (COLOIA/2. 0)**2. 0) 
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22' 00 30 N=1, NRUNO 
230 DO 20 J1, IPEAS 
231 READ(7,*) 	TMS,'IMM,TR,TWID 
232 PRATO(J,N)' (1R—TMM)/TMM 










243 IF(J 	CT. 	1) 	0010 	10 
214 WRITE(6.633) 	N. 	PRATO(J.N).PNO , PH(J,N),URUN,REDU,HRUN(J,N),PMIC(J 
245 .N).FV(J.N) 
248 633 FORMAT( lx. 12. 6X, 12, 6X, 	4. 2, 4X, E9. 3, 5X, E8. 2, 4X, E9. 3, 6X, E9. 3, 4X, E9. 3 
247 ,4XE9.3,4x.g9.3) 
240 COTO 20 
749 10 WRITE(6. 834) 	J. PRATO(J, N).PNO, PH(J, N).REDU, HRUN(J.N). PMICJ,N) 
250 631 FORMAT (9X, 12, 6X, F4. 2, 4X, E9. 3, 5X, EQ. 2, 19X, E9. 3, 4X, E9. 3, 4X, E9. 3) 
251 WRITE(8,804) 	REDLQ(J,N), 	NRUNL 
252 804 FORMAT(1X.F7.4,2X,F74) 
253 20 CONTINUE 
251 WRITE(6.635) 
25I 635 FORMAT(1X,/) 
256 30 CONTINUE 
257 RETURN 
25U ENO 
25'? SUBROUTINE PCOISP 
760 COMMONfPTAREA/NRUNS, IPAKS, CLONO CC1LDIA, DIFFC(5), PSIZE TOTPOR/HvAL 
261 ./PMIC(5.50).PRTO(5,50),Fy(5,50),RaDLQ(5,50),HRUN(5,5o)pN(55O) 
262 DIMENSION A(10),XSEC(10), 	TROOLC(5,50) 
267 WRITE(9, 636) 
261 636 FORMAT(1X, 'INPUT DISPERSION DATA FILE NO.') 
265 CALL FPMPI('DISP 	DATA NO. 7', 14) 
261, READ*, 	IDISP 
26? WRITE(6,63fl 
260 637 FORMAT(1X, f/f/I, 1X, 'ADJUSTED CHROMATOGRAPHIC DATA',//) 
269 WRITE(8.638) 	IDISP 
270 638 FOMAT(1X, 'DISPERSION DATA FOR DISP 	',Il. ' 	USED FOR CALCULATIONS', 
271 /1//I) 
272 WRITE(6. 679) 
273 639 FORMAT(1X, ' RUN 	SOLUTE 	Hobs/un. 	Htrue/um 	VARIAob/u1**2 
274 .VARIAtrue/uj*2 hobs htruc'./) 
275 AM=TOTPOR*3. 141 593*( (COL.DIA/2. 0)**2. 0) 
276 IF(IDISP 	EQ. 	6) 	COTO 81 
277 IF(IDISP 	EQ. 	7) 	0010 84 
270 IF(IDISP 	EQ. 	8) QOTO 67 
279 WRITE(6. 640) 
780 640 FORMAT(IX, ' **4 DISPERSION FILE NOT IDENTIFIED  
281 0910 200 
202 61 READ(11,101) 	IDOREE 
2143 IDOREE=IDCREE+1 
2144 101 FORMAT(I1) 
285 DO 62 J1, IDOREE 
2146 READ(11, 102) 	6(J) 
287 102 FORMAT(E15.8) 
2814 62 CONTINUE 
289 0010 69 
290 64 14EAD(12. 102) 	IDOREE 
291 IDQREE=IDCREE+1 
292 DO 65 J=1. IDOREE 
293 READ(12, 102) 	A(J) 
294 65 CONTINUE 
295 COTO 69 
296 67 READ(13. 101) 	IDOREE 
297 IDCRFEFIDCREE+1 
290 00 68 J=1 	IDOREE 
299 READ(13, 102) 	6(J) 
300 68 CONTINUE 
301 69 L=0 
307 DO 80 N=1,NRUNS 
303 DO 76 J=1. IPEAKS 
304 IF(FV(J.N) 	.01. 	9.0 	) 	0010 76 
305 LL+1 
306 DO 71 K=2. IDOREE 
307 XSEC(K)=A(K)*(FV(J,N)**(K-1)) 
300 71 CONTINUE 
309 YVALA(1) 
310 DO 72 M=2, IDOREE 
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311 YVAL=YVAL+XSEC(M) 
317 72 CONTINUE 
313 VART=(PMIC(J, N)**2. 0)-YVAL 
314 HT=VART/(CLON*1. OE-06,AM*(i. 0+PRATO(U,N))*1. OE+09)**2. 0) 
315 REDHT=HT*l. OE-06/PSIZE 
316 VARA=PMIC(J. N)*2. 0 
317 TROOLQ(J. N)=ALOQIO(REI)HT) 
318 IF(J 	.01. 	1) 	0010 74 
3F/ WRLTE(6.641) 	N.J.PH(J,N),HT.VARA.VART.HUN(J,N).REDHT 
320 641 FORMAT(1X.I2.6X.I2.5X.9.3.2X.E934X.E9.3.9X.E9.3.8X.E9.3.4x.E9.3 
321 
322 0010 75 
323 74 WRITE(664)J,PH(J.N).HT,VARA.VART.HRUN(J.N),REDHT 
324 647 F6R1AT(9X, 12, 5X, E9. 3, 2X, E9. 3, 4X, E9. 3, 9X, E9. 31 8X, E9. 3, 4X, E9. 3) 
325 75 HRUN(J.N)=REDHT 
326 76 CONTINUE 
327 WRITE(6.643) 
323 643 FORMAT(IX./) 
32? 80 CONTINUE 
330 DO 100 U=1. IPEAKS 
331 LT=L/IPEAKS 
337 WRITE(14, 644) 	L.T 
333 644 FORMAT(IX, 14) 
334 DO 90 N=1, NRU4S 
335 IF(FV(.J.N) 	.01. 	9.0) 	0010 90 
331 WRITE(14.645) 	REDLO(,).N).TROOLC(U.N) 
337 645 FORMAT(1X.F7.4.2X.F7.4) 
330 90 CONTINUE 
339 100 CONTINUE 
340 200 RETURN 
341 END 
CODE 	11336 BYTES 	PLT + DATA 	11432 BYTES 
STACK 2304 BYTES DIAG TABLES 1808 BYTEb 	TOTAL 26880 BYTES 
COFIPILA1 ION SUCCESSFUL 
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diameter, total porosity, solute diffusion coefficients and packing 
material particle size. Again, as was the case with OTDINO, the 
input data is output with the main output to a line printer to allow 
checking. 
Subroutine OTCALC 
This subroutine calculates the various chromatographic 
parameters from the raw open-tubular data. The raw data is read 
free format from a pre-prepared data file. This file consists of a 
list of column dead time (seconds), dead time (mm), retention time 
(mm) and base peak width (mm) for each solute at every velocity 
examined. The chromatographic parameters are calculated using the 
relevant equations which are set out in Chapter 2. Values of logh 
and logy are sent to a graph file for plotting. 
Subroutine PCCALC 
This subroutine calculates the various chromatographic parameters 
from the raw packed column data. It is very similar to OTCALC with 
the exception, of course, that the total porosity of the column has 
to be taken into account and the reduced plate height is calculated 
as the number of particle diameters to the plate,not as the number 
of column diameters to the plate as is the case with OTCALC. 
Subroutine PHICALC 
When called, this subroutine calculates the column resistance 
parameter. The number of calculations from which an average is taken 
has to be entered followed by the eluent viscosity. Corresponding 
values of the column dead time (seconds) and pressure (psi) are 
then prompted for. The subprogram outputs a table of input data for 
checking along with the Ø'value in each case and the average. Using 
this average value, values for the separation impedance, E, are 
calculated and listed for each run. 
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Subroutine PCDISP 
This subprogram calculates corrected chromatographic data using 
the polynomial coefficients of the 'best fit' lines to the 
dispersion data obtained in chapter 5. For each particular eluent 
flow-rate the f/a2 	relationship is interpolated and a value 
yR. d. 
for the residual variance obtained. This is then subtracted from 
the observed variance to produce a corrected result, i.e. a 
chromatographic result with no contribution from extra-column 
effects 
	
2 	 2 	 2 a = a - a V  
Corrected 	vObserved 	VResidual 
In this manner, the true performance of a chromatographic 
column can be revealed. The corrected peak variance is converted 
to a reduced plate height and values of logh 	 and logy corrected 
are sent to a graph file for plotting. 
A number of graphics programs, all essentially similar to 
DISPLOT already listed in Section A3.3 have been used to present the 
results. The only difference between these programs and DISPLOT is 




Glossary of symbols 
a 	 Column cross-sectional area 




	 Cross-sectional area of eluent within an open capillary tube 
a 
p 
	 Cross-sectional area of eluent within a packed bed 
Surface area of adsorbent within column 
A 	 Flow dispersion coefficient in reduced plate height 
equation (47) 
B 	 Axial diffusion coefficient in reduced plate height 
equation (47) 
c" c 	Equilibrium concentrations of solute in the mobile and 
In 	 stationary phases respectively 
c mz , sz C 	
Equilibrium concentrations of solute in the mobile and 
stationary zones respectively 
c 5 	Concentration of adsorbate in moles per unit weight 
It 
c 	 Adsorbate concentration in moles per unit area of adsorbent 
surface 
C 	 Mass transfer coefficient in reduced plate height equation 
(47) 	 - 
C , C 	Mass transfer coefficients in Golay equation (61) for 
m 	 mobile and stationary zones respectively 
CG1 	Mass transfer term given by Golay equation, C term only. 
C 	 Total mass transfer coefficient for open-tubular columns exp 
from experimental data 
D 	 Equilibrium distribution coefficient 
D , D 	Diffusion coefficient of solute in mobile and stationary 
m zones respectively 
De 	Dean number De = Re 
d 	 Characteristic dimension of column 
d, d 	Bore of open-tubular column and thickness of stationary 
zone in open-tubular column 
d 	 Mean particle diameter in packed column 
E 	 Separation impedance 
A4-2 
f 	 Volumetric flow-rate from column 
V 
f 
p 	Volumetric flow-rate from packed bed 
f 	 Volumetric flow-rate from open capillary tube 
f 	 Total volumetric flow-rate (f + f tot 	 p 	c 
H 	 Plate height 
h 	 Reduced plate height 
IR 	Inside radius of etched layer on open-tubular column 
quantity of solute in stationary phase 
k 	 Phase capacity ratio = 
quantity of solute in mobile phase 
(Note: k' = 0 for unretained solute) 
k 	
Zone capacity ratio = quantity of solute in stationary zone 
quantity of solute in mobile zone 
(Note: k" = 0 for excluded solute) 





K 	 The superficial adsorption coefficient (cm 3m 2 ) 
K ads 	
Adsorption coefficient (cm g 
L Column length 
L 	 Open capillary tube length 
L 	 Packed bed length 
N 	 Number of theoretical plates 
OR 	Outside radius of etched layer on open-tubular column 
Ap 	Pressure difference across column 
Pressure difference across open capillary tube 
Ap 	Pressure difference across packed bed 









R 	 Linear velocity ratio 
2r u 
Re 	Reynold number Re 
= 	C 
V 
r 	 Internal column radius 
rc(OD) 	External radius of ca'oillary tube 
rhl. 	Radius of capillary tube helix 
r 
P(ID) 	
Internal radius of packed bed 
f 
S 	 Flow-rate split ratio - 
f 
C 




Dead time for open capillary tube peak 
t 	 Elution time of unretained solute peak (k' = 0) 
in 
t 	 Dead time for packed bed peak 
t 	
Elution time of retained solute peak 
u 	 Linear velocity of eluent 
Linear velocity of liquid in open capillary tube 
u 	 Linear velocity of liquid in packed bed 
v 	 Kinematic viscosity V = 
V, V 	Volume of mobile and stationary phases respectively in column 
V, V 	Volume of mobile and stationary zones respectively in columnsz 
w 	 4o band width, time units 
w 	 4o band width, volume units 
V 
w 	 4a band width, distance units 
z 
W 	 Weight of adsorbent in column 
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y, y 	Tortuosity factors (normally 0.6) which allow for 
restriction to diffusion by impermeable skeleton of 
packing particles 
E: tot 	
Total porosity of packed column 
Eluent viscosity 
A 	 Aspect ratio A = rrc 
helix 
V 	 Reduced velocity of mobile phase 
Reduced velocity of mobile zone 
V 
opt 	
Optimum mobile phase reduced velocity 
.01 	 Column resistance parameter 
of 
c 	
Column resistance parameter for open capillary tube 
of 
p 	
Column resistance parameter for packed bed 
P 	 Eluent density 
Peak standard deviation in time units 
a° 	standard deviation of unretained peak in volume units 
*  
a 	 Limiting value of a
0 
v v 
Peak variance in square volume units 
a 2 	Peak variance arising from extra-column dispersion 
Extra 
a 2 
	Observed peak variance 
Vob 
a 2 
	Residual peak variance 
yR Si d 
